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ABSTRACT 
 
  A detailed investigation of the design, fabrication, and characterization of a novel 
optically tunable external cavity ring laser is described here. The external cavity laser 
(ECL) utilizes a semiconductor optical amplifier as the gain medium in a ring 
configuration, and a surface photonic crystal incorporating a superstrate layer of an 
azobenzene solution as the wavelength-selective element. Wavelength tuning is realized 
through optical illumination of a thin layer of azobenzene, which causes a refractive 
index change of the azobenzene molecules produced by photon-induced, cis→trans 
isomerization, thus leading to controlled tuning of the external cavity laser emission. The 
ECL system is stable, compact, and exhibits single-mode emission at the Bragg 
wavelength of the surface photonic crystal. The lasing threshold of the ECL with respect 
to current is ~186 mA, and the emission spectrum has a line-width as narrow as 0.05 nm, 
which is limited by the resolution of the spectrometer. Under a driving current of 200 mA, 
an output power of 500 µW is obtained, with a side-mode-suppression ratio (SMSR) of 
21.8 dB. While exposed to optical illumination from a continuous Nd:YVO4 laser, the 
ECL demonstrates single-mode emission over a tuning wavelength range of 842 to 848 
nm.  The emission peak shift occurs on a timescale of minutes, and is completely 
reversible upon termination of the pump Nd:YVO4 laser.  
 This optically tunable external cavity ring laser represents a departure from 
conventional tunable ECLs insofar as the elimination of mechanically movable parts is 
concerned. The result is an easy and accurate approach to remotely wavelength tuning the 
 iii 
laser. The wavelength-selective element of the surface photonic crystal is fabricated on a 
plastic substrate using a replica-molding technique, which allows for inexpensive 
submicron structure production over large surface areas. Due to the control it provides 
over laser emission wavelength, as well as its reduced weight and complexity, 
compactness, and attractiveness for mass production, this optically tunable external 
cavity ring laser is expected to find applications in optically integrated systems and future 
photonic circuits.  
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CHAPTER 1  
INTRODUCTION 
 
Diode lasers are electrically pumped semiconductor lasers, which utilize the 
stimulated emission produced by interband or intraband transitions under electric current 
excitation [1, 2]. Due to their unique characteristics of high efficiency (typically on the 
order of 50%), broad range of achievable emission wavelengths (from 375 nm in the 
ultraviolet (UV) to 2680 nm in the infrared (IR) range [3]), and long lifetime (several 
thousand hours [4]), diode lasers have found wide applications in atomic physics, 
spectroscopy, material processing, optical communication networks, and environmental 
monitoring. Because of their broad inherent gain profile, diode lasers generally have 
multimode output and wide emission line-widths. In addition, a number of applications, 
such as spectroscopy and optical communication networks, require tuning of the lasing 
wavelength. In diode lasers, tuning is generally realized either by varying the 
semiconductor composition or by changing the refractive index through temperature or 
pressure, both of which are generally difficult to control accurately and are sensitive to 
the environment [5]. One solution is the external cavity diode laser (ECL) in which the 
diode laser is operated in an external cavity that involves a frequency-selective element 
[6, 7]. As shown in Figure 1.1, the ECL system generally comprises  a laser diode with an 
antireflection coating on at least one facet, a collimator for coupling the output of the 
diode into the external cavity, and an external wavelength-selective element which 
disperses the beam so that only a narrow component of the spectrum is amplified by the 
 2 
diode [8]. In this way, the elongated resonator and wavelength-selective optical feedback 
reduce the damping rate of the intracavity light, thus generating emission output with a 
much narrower line-width—typically with a full-width-half-maximum (FWHM) below 1 
MHz [9, 10]. The high efficiency of diode lasers can be maintained while accurate 
selection and tuning of the emission wavelength are achieved externally without the 
complications associated with solitary diode lasers. ECLs have attracted extensive 
interest since their discovery in 1964 [11] and, with the developments in the field of 
diode lasers (or, strictly speaking, semiconductor optical amplifiers (SOA)), their 
properties are continuously being improved [5].  
 
Diode Output
Anti-reflection coating (AR)
Wavelength-
selective 
element
external cavity
  
Figure 1.1  Schematic illustration of an external cavity laser.   
 
To achieve an external cavity laser with single-mode operation and narrow line-
width, accurate control and tuning of the emission wavelength, and full integratibility and 
insensitivity to the operating environment, we have developed an optically tunable 
external cavity laser, in which the lasing wavelength is controlled through external 
illumination. Specifically, a nonlinear azobenzene molecule within a photonic crystal 
resonant reflector is photoexcited, thereby altering the effective refractive index of the 
photonic crystal (ne) and tuning the laser. This optically tunable external cavity laser 
represents a departure from the conventional external cavity laser in the sense that it 
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requires no mechanically movable parts and is totally optical, especially convenient for 
building integrated optical systems. 
In the rest of this chapter, Section 1.1 reviews essential components and optical 
configurations of ECLs. Section 1.2 describes the physics of surface photonic crystals, 
while Section 1.3 gives a brief introduction to the nonlinear azobenzene molecule. The 
basics of the optically tunable external cavity laser conclude this chapter.    
 
1.1 External Cavity Diode Laser 
In 1964, J. W. Crowe and R. M. Craig  reported the first ECL [11], in which a 
GaAs laser diode was used as the gain medium, and a totally reflecting mirror (R > 
99.9%) was employed to form the external cavity. Since then, ECLs have attracted 
extensive interest, and various types of ECLs utilizing different wavelength-selective 
mechanisms have been developed. Among those structures, wavelength-selective 
elements such as diffraction gratings, electro-optical filters, acoustic-optical filters, and 
fiber Bragg gratings (FBG) have been successfully commercialized and widely utilized in   
communication networks, pump sources for solidstate lasers, and environmental 
monitoring [8].  
 
1.1.1 Semiconductor optical amplifier  
The semiconductor optical amplifier (SOA) is an optical amplifier which uses a 
semiconductor to provide the gain medium. It is essentially a laser diode with end mirrors 
replaced by AR coatings—often in the form of quarter-wavelength thin layers of SiNx, 
Al2O3, or SiO2. Another characteristic of SOAs is the tilting of the SOA waveguide to 
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prevent coupling of reflections from the end facet back into the SOA waveguide. Used in 
combination with the AR coating, the endface reflection can be greatly reduced (< 10-5 
[12]), thus minimizing the ability of the SOA to lase. The external signal light is 
amplified in the active region of the SOA, which is pumped by electric current to create a 
population inversion [13] and has a length on the order of 0.5 to 2 mm. A number of III-
V compounds have been utilized in SOAs, such as GaAs/AlGaAs, InP/InGaAs, 
InP/InGaAsP, and InP/InAlGaAs [14]. One key characteristic of the SOA is its 
inhomogeneous broadening gain profile, which is induced by the Fermi distribution and 
carrier heating [15]. SOAs with  optical gains of 30 dB, output powers well above 10 mW, 
and noise figures on the order of 6 to 8 dB have been available [16, 17] for more than a 
decade.  
Because III-V and II-VI semiconductors have been characterized extensively and 
growth and fabrication techniques are at an advanced stage, SOAs are mass producible 
and available over a broad wavelength range. Also, due to the various virtues of SOAs— 
compact size, light weight, lower power consumption, reduced complexity, and fiber 
pigtail connection—SOAs offer a cost-effective solution to telecommunication 
applications  (850 nm, 1300 nm, and 1550 nm [18, 19]), signal amplification [20, 21], 
optical signal processing [22], and wavelength conversion [23-25].   
The biggest difference between an SOA and a laser diode is that the SOA is 
deprived of the optical feedback from reflections of the facets that would otherwise form 
a Fabry-Perot cavity. Optical feedback in a laser diode allows for amplification and 
narrowing of the cavity mode (or modes) that is located at the highest net gain. In an 
SOA, signals get preferentially amplified, while self-oscillating or back-reflecting optical 
 5 
modes are blocked [13, 26]. Modern technology of angled waveguide stripes and AR 
coatings results in a minimum gain ripple around 0.2 dB [16, 27].   With their coupled 
fiber outputs, SOAs provide a convenient means for constructing ECLs, especially when 
a fiber Bragg grating (FBG) is used as the tuning method. It should be pointed out that 
the AR coatings minimize reflection only within a limited spectral range, outside of 
which the internal modes of the diode are not suppressed. When operating SOAs outside 
this range, other means are necessary to control the internal mode so that it does not have 
an effect on the tunability of the ECL. Varying injection current or temperature can also 
influence the internal modes; however, these methods suffer from either changing the 
output power accordingly or being time-consuming. Notomi et al. had suggested an 
approach of using two-section SOAs with a phase control section in which the internal 
mode is suppressed [28] in a way analogous to a multi-section distributed Bragg laser 
(DBR) [29]. A wide tuning range of 154 nm with a center wavelength at 1500 nm has 
been achieved with this configuration [28].     
 
1.1.2 External cavity laser utilizing diffraction gratings 
A diffraction grating is an optical component having a periodic configuration 
which splits and diffracts the incident light into beams travelling in different directions 
[30, 31]. Since the direction of the output beam depends on the grating periodicity and 
the incident light wavelength, diffraction gratings have been widely used as dispersive 
elements in optical systems such as monochromators and spectrometers, and they are the 
most commonly used wavelength-selective elements in ECLs. In 1972, Ludeke and 
Harris demonstrated the first tunable ECL which utilized a diffraction grating to form the 
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cavity, where the tuning was realized by mechanical rotation of the grating [10, 32]. 
Since then, various diffraction grating tuned ECLs have been reported; the principal 
design of the structure falls into two categories: the Littrow configuration [32-36] and the 
Littman-Metcalf/grazing-incidence configuration [37-41]. The lasing wavelength in each 
design is determined by the grating dispersion curve, which is illustrated by the grating 
equation: 
   (sin sin )i dmλ θ θ= Λ +  (1.1)  
where m denotes an integer which is known as the diffraction order, λ  is the center 
wavelength, Λ is the grating periodicity, and iθ  and dθ  are the incidence angle and 
diffracted angle with respect to the grating normal.  
   As shown in Figure 1.2 (a), the Littrow configuration is composed of a laser diode 
with an AR coating on at least one facet, a collimating lens which collects the diode 
radiation and couples it into the external cavity, and a diffraction grating which serves as 
the end mirror and frequency-selective element. In most Littrow structures, the first-order 
diffracted beam from the grating is reflected back and reimaged onto the laser diode facet  
with the AR coating, although higher order diffraction has been utilized in some 
 
Laser Diode
Diffraction   
GratingLensLaser Diode
Output(a)
Diffraction  
GratingLens
OutputMirror(b)
 
Figure 1.2  External cavity diode lasers in (a) Littrow and (b) Littman-Metcalf/grazing-
incidence configurations. 
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designs [42]. The zeroth-order reflected beam from the grating forms the output  
beam. By rotating the diffraction grating along the axis parallel to the grooves, the diode 
facet with the AR coating, although higher order diffraction has been utilized in 
some designs [42]. The zeroth-order reflected beam from the grating forms the output 
emission wavelength can be selected and controlled. However, tuning by rotating the 
diffraction grating results in a change of the direction of the output beam, which is not 
desirable in many applications. This could be circumvented by inserting an intracavity 
beamsplitter [43-45] or the use of an additional mirror rotating simultaneously with the 
diffraction grating [36] as the output coupler.   
In 1978, Littman introduced the Littman-Metcalf/grazing-incidence configuration 
[37, 38], which involves an additional mirror to provide a double pass through the 
diffraction grating, and utilizes a grazing-incidence angle that is much steeper than that 
used in the Littrow configuration (~85° in the Littman configuration but ~30° in the 
Littrow configuration) [5], as shown in Figure 1.2. The orientation of the diffraction 
grating is fixed, and the first-order diffraction from the grating is reflected back to the 
grating by an additional mirror and then is re-diffracted and coupled into the laser diode 
to be further amplified. In this way, tuning is realized by rotation of the reflecting mirror, 
and the zeroth-order reflected output beam remains at a fixed direction. Compared to the 
Littrow configuration, since the wavelength-dependent diffraction occurs twice per round 
trip rather than once, the dispersion in the Littman configuration is at least twice that of 
the Littrow configuration, thus generating excellent wavelength-selectivity without the 
additional use of an étalon. In addition, the alignment of the system is simplified because 
of the elimination of the prism beam expander or additional wavelength-selective 
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elements, which are generally required in the Littrow configuration for mode stability due 
to its poor cavity dispersion. Moreover, the grazing incidence angle utilized in the 
Littman configuration further improves the dispersion, since a larger number of grooves 
are illuminated due to the steeper angle of the incident beam, which facilitates narrow-
band operation and improved resolving power. Typical tuning bandwidths on the order of 
35 GHz for the Littrow configuration and 2.7 GHz for the Littman configuration have 
been reported [5].  However, since the zeroth-order reflection of the reflected beam from 
the mirror is not utilized in the Littman configuration, it generally has a higher threshold 
than that of the Littrow configuration. It should be pointed out that the reflection mirror 
in the Littman configuration can be replaced with a Littrow-mounted grating, where the 
tuning is facilitated via rotation of the Littrow-mounted grating. This double-grating 
structure further improves the dispersion, since there are three wavelength-dependent 
diffractions per resonator round trip. It has been reported that this configuration has a 
less-steep tuning curve and an emission bandwidth nearly half of that achieved by a 
single-grating structure [37-41].        
 
1.1.3 Electrically tunable external cavity laser  
Even though grating tuned ECLs are commercially available and most commonly 
used, there are limitations associated with them. Tuning through mechanical movements 
of either the diffraction grating or reflecting mirror limits the tuning rate and suffers from 
lack of reproducibility. Incorporation of an electro-optic modulator (EOM) as the 
wavelength-selective element in ECLs eliminates the need for a mechanical stage, thus 
improving the tuning speed and system stability.    
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The electro-optical modulator is an optical device that modulates a beam of light 
with an electric field. The operating principle is based upon electro-optic effect, i.e. 
change in the optical properties of a material in response to an electric field that varies 
slowly as compared with the frequency of light. One commonly used electro-optic 
modulator in ECLs is the liquid crystal—an organic liquid in which molecules are 
regularly arranged in a solid crystal along one or two dimensions, but are free in the other 
dimensions as with typical liquids [46]. Liquid crystals are generally rod-shaped, having 
a net dipole moment associated with each molecule. Under an externally applied electric 
field, this dipole moment results in ordered molecular orientation [8]. Thus, the refractive 
index of liquid crystals can be adjusted by varying the amplitude of the applied voltage, 
therefore effectively changing the cavity length of ECLs and, in turn, tuning the laser 
emission [47]. Several research groups have reported electrically tunable ECLs 
incorporating liquid crystals as the wavelength-tuning element [48-52]. The basic 
configuration of an electrically tuned ECL is shown in Figure 1.3 [48]. The external 
cavity laser comprises an AR coated laser diode, a collimator which collects the diode 
output and directs it onto a diffraction grating, a lens that collimates the first-order 
diffraction beam from the grating onto a high-reflection mirror, and a liquid crystal array 
situated in front of the mirror. The liquid crystal array serves as an electronically 
controllable aperture to selectively feed back the desired spectral components, and the 
zeroth-order reflection from the diffraction grating constitutes the output beam. By 
varying the voltage across the liquid crystal array, the optical path of the external cavity 
is tuned, which in turn changes the resonance frequency of the external-cavity modes. 
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Figure 1.3  Schematic diagram of an electrically tunable, external cavity diode laser [48]. 
 
Wavelength tuning without mechanical movement over a range of 10 nm with a FWHM 
of 30 MHz was achieved, with a side-mode-suppression ratio (SMSR) of 10 dB [48].  
While liquid crystals provide a convenient tuning method for ECLs and permit 
low-voltage electric tuning of laser emission without mechanical movement, the tuning 
rate is generally in the kilohertz range and is limited by the liquid crystals [48, 49]. 
However, new applications, such as photon-echo-based optical signal processing [53-55], 
memory [56], quantum computer schemes [57], and coherent laser radar [58], require 
ECLs to be capable of fast scans, on the order of GHz/µs. Fast scans over tens of GHz/µs 
have been achieved in ECLs by utilizing electro-optic crystals as the tuning element in 
the external cavity [59-62].       
Electro-optic crystals display the linear electro-optic effect (Pockels effect), i.e. 
the change in the refractive index of the crystal is proportional to the electric field applied 
across the crystal. In this way, a change in the effective cavity length can be realized by 
varying the amplitude of the applied voltage across the crystal which, in turn, tunes the 
laser. Due to the character of the Pockels effect, the tuning action through electro-optic 
crystals can be carried out up to 1.5 GHz/µs [60, 61]. Several researchers have built 
ECLs with intracavity electro-optic crystals [59, 62]. However, since the electro-optic 
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crystals in these designs only change the effective cavity length, the mode-hop-free 
tuning range is limited by the free spectral range of the external cavity and, therefore, 
cannot exceed a few GHz, while increasing the tuning range through shortening of the 
cavity length results in a broader spectral line-width [63]. One novel design of electrically 
tunable ECLs utilizes an electro-optic crystal cut as a prism in a Littrow-configuration, as 
shown in Figure 1.4 [60]. In this design, there are two wavelength-selective elements 
combined to provide selective feedback of the broad spectrum to be amplified: one is the 
diffraction grating whose minimum loss wavelength is dependent on the incident angle of 
the diffracted beam from the prism, and the other is the external cavity whose resonant 
modes are inversely proportional to the effective cavity length. Both the feedback 
frequency from the diffraction grating and the resonant frequency of the external cavity 
can be adjusted simultaneously by applying voltage across the electro-optic crystal prism. 
In this manner, mode-hop-free tuning above 10 GHz over a 15-cm-long cavity with a 
frequency-change-to-voltage ratio of 1.5 GHz/kV was achieved [60]. Further 
optimization of the shape and thickness of the electro-optic crystal improved the mode-
hop-free frequency-tuning interval to 50 GHz and the frequency-change–to-voltage ratio
 to 13 GHz/kV, where a maximum tuning speed of 1.5 GHz/µs [61] was obtained.   
  
                
Electro-Optic Crystal
Laser Diode Grating
 
Figure 1.4  Diagram of the Littrow cavity with an electro-optic prism. 
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Acoustic-optic (AO) devices have also been utilized in ECLs as the wavelength-
selective element [64-67]. This approach allows fast and accurate selection of the lasing 
wavelength by varying only the driving frequency of the applied voltage across the AO 
devices. Due to the fact that AO devices introduce optical frequency shifts and require 
polarized light input since they are based on anisotropic AO diffraction, generally a pair 
of AO devices was used simultaneously to provide an equal frequency shift in opposite 
directions [64, 65]. A typical configuration of an ECL utilizing AO filters is shown 
schematically in Figure 1.5 [65]. An AR-coated GaAs laser diode was used as the gain 
medium, and a graded-index (GRIN) lens collects the light from the diode and couples it 
into the external cavity. An AO filter is used as the wavelength-selective element, which 
operates as a radio-frequency (RF) controlled narrowband optical polarization converter 
[66]. For a given acoustic frequency, only a small range of frequencies will be efficiently 
diffracted by the AO filter into the orthogonal polarization. Consequently, only 
appropriate polarized frequencies which satisfy the k
r
 vector-matching condition will be 
transmitted by the AO filter, while other frequencies are blocked due to large cavity 
losses [68, 69]. Thus the wavelength of the filtered optical beam of the AO filter can be 
adjusted by changing the frequency of the acoustic wave inside the AO filter.  A second 
AO device, an AO modulator in this design, is incorporated to compensate for the 
frequency shift induced by the AO filter, which can also be replaced by a second AO 
filter. With the pair of AO devices, the optical beam returns to its initial frequency after 
traveling a round trip of the laser cavity, thus allowing single-mode operation of the ECL. 
Using this arrangement, a tuning range of 35 nm within 10 µs was reported [65].       
 13 
                         
Figure 1.5  External cavity configuration for an acousto-optically tunable semiconductor 
laser source [65]. 
 
 
1.1.4 External cavity laser utilizing fiber Bragg grating 
In addition to the tunable ECLs mentioned above, ECLs with fiber Bragg gratings 
(FBGs) have been well established as signal sources in wavelength-division multiplexing 
and fiber networks [70-75], owing to their integratability with other fiber devices, 
wavelength stability, controllability, and cost-effective fabrication. 
An FBG is a type of distributed Bragg grating (DBR) constructed in a short 
segment of optical fiber core, which utilizes a periodic variation of the refractive index so 
that particular wavelengths satisfying the Bragg condition are reflected while all other 
wavelengths are transmitted:  
   2 effnλ = Λ , (1.2) 
where λ is the reflected wavelength (also known as the Bragg wavelength), effn  is the 
effective refractive index of the grating inside the fiber, and Λ  denotes the grating 
periodicity [76-79]. The first FBG was demonstrated by Hill et al. in 1978 utilizing a 
visible laser beam propagating along the fiber core [80]. Two main approaches—a 
transverse holographic technique using two beams [81] and a phase mask technique using 
a single beam [82, 83]—have been utilized to fabricate the periodic structure of the Bragg 
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grating. Due to their low production costs, easy integratibility, and intrinsic stability, 
FBGs have been widely used in communication systems [84-86], optical multiplexers [87, 
88], fiber optic sensors [89-92], and end mirrors for fiber lasers [93-95].  
Many researchers have reported ECLs incorporating an FBG as the wavelength-
selective element [70-75, 96, 97], and a typical configuration is shown in Figure 1.6 [98]. 
The ECL system is composed of an SOA which provides optical gain through stimulated 
emission, a circulator which first couples the output of the SOA to the FBG and then 
couples the reflected beam from the FBG to the output coupler to complete the ring 
configuration, an FBG which provides selective optical feedback for the laser system, and 
an output coupler which facilities spectrum characterization and power measurement. 
The tuning can be realized by stretching the FBG which, in turn, changes the Bragg 
grating periodicity and varies the reflection wavelength of the FBG. Single wavelength 
operation at 1547.64 nm with an SMSR of 40 dB was achieved in this configuration [98]. 
It should be mentioned that the FBG employed in a single-mode ECL is generally 
fabricated in a single-mode fiber and is designed so that its reflection bandwidth is much 
narrower than the longitudinal mode spacing of the external cavity in order to suppress 
the side modes.         
In addition to single-mode operation, SOAs can be utilized to overcome the multi-
mode lasing limitation due to inhomogenous broadening of their gain profile. ECLs 
incorporating FBGs have also been widely used for producing multiwavelength fiber 
lasers for applications in optical communication, sensing, and instrument testing [99-102]. 
For multiwavelength operation, a series of FBGs is generally utilized as the wavelength-
selective element in the ECL system, as shown in Figure 1.7 [99]. Two-, 
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three-, four-, and higher wavelength lasing has been generated using this configuration
[96, 99, 100]. A polarizer controller can be incorporated into the system to improve 
system stability and power equalization [103, 104].    
 
                      
Figure 1.6  Configuration of an SOA-based fiber ring laser with an FBG [98]. 
 
                                
Figure 1.7  Experimental setup of SOA-based multi-wavelength ring laser (OSA, optical 
spectrum analyzer) [99]. 
 
Interesting results have also been obtained through the integration of an étalon 
into the tunable ECL systems [32, 51, 52, 105] described above, which serves as a  
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tunable transmission filter to select a specific lasing wavelength. As shown in Figure 1.8,
both the reflection mode of the wavelength-selective element and transmission mode of
the étalon combine to select the lasing wavelength. It is the maximum product of the gain 
profile of the laser diode (Figure 1.8 (a)), the optical feedback from the external cavity 
(Figure 1.8 (b)), and the transmitted optical signal from the étalon (Figure 1.8 (c)), i.e., 
the total effective gain profile (Figure 1.8 (d)), that will determine the lasing wavelength. 
The étalon acts as a periodic filter, of which the transmission peaks are in general aligned  
  
wavelength
amplifier gain
profile
wavelength-selective
element modes
étalon modes
total effective 
gain profile
(a)
(b)
(c)
(d)
 
Figure 1.8  Schematic of the wavelength-selective principle with an étalon in the ECL. (a) 
gain profile of the diode, (b) optical feedback from the wavelength-selective element, (c) 
transmission mode from the étalon, and (d) total effective gain profile. 
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with the desired lasing wavelength [51], thereby providing a wavelength reference for the
laser line of interest. The employment of the étalon improves the side-mode suppression 
of the adjacent external cavity modes of the lasing peak, thus generating superior lasing 
characteristics with narrow lasing line-width, large side-mode suppression, and stable 
operation. Stable single-mode operation with a tuning range of 45 nm, an SMSR of more 
than 60 dB, and an emission FWHM less than 1 MHz (8 fm) at 1550 nm was achieved 
using this configuration [52].  
While all the ECLs mentioned above have been widely used, with the recent rapid 
development of microelectronic and opto-electronic devices, much effort is being 
directed towards development of designs suitable for optical integrated systems. An all-
optical, mechanically-free, fully-integratable ECL system would be desirable. Such a 
device has been realized for the first time by controlling the laser wavelength with 
illumination of a photoactive azobenzene molecule within a surface photonic crystal (PC) 
resonator. In the following sections, the physics of the PC and the operating principles of 
the nonlinear azobenzene molecule will be discussed, followed by an introduction to the 
optically tunable external cavity ring laser presented in this dissertation.   
    
1.2 Photonic Crystals  
1.2.1 Physics of photonic crystals 
In a manner similar to how the periodic potential of semiconductors affects the 
motion of electrons [106], photonic crystals, structured optical media with a spatial 
periodicity in its refractive index, can control the propagation of electromagnetic (EM) 
waves. The basic physics describing the operation of a PC revolves around the 
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localization generated from the scattering and spatial interference produced by an 
electromagnetic wave traveling in a periodic structure [107]. When radiation with a 
particular frequency at a specific angle of incidence enters the PC, the periodic structure 
causes light scattering and spatial interference of the scattered light in all directions. The 
constructive interferences in certain directions result in a strengthened localized electric 
field that cannot propagate through the PC, while the destructive inferences in certain 
directions allow propagation through the PC—the photonic pass-band [107].  This gives 
rise to an interval in photon energy known as the photonic bandgap. 
The wave equation for light propagating inside a PC can be described using 
Maxwell’s equation as 
 
2 2
2 2
( )
  ( ) ( )E r r E r
r c
ω
ε
∂
= −
∂
 (1.3) 
where ( )E r  denotes the electric field, r is the position vector, ( )rε is the permittivity at 
position r , ω  is the wave frequency, and c  is the velocity of light in vacuum. Since the 
PC has a periodic refractive index profile, the solution to the Equation 1.3 is governed by 
Bloch’s theorem that the eigenfunction for such a system can be written in the form of the 
product of a plane wave envelope function and a periodic function (Bloch function) [108]: 
 ( )  ( )ikrE r e u r=  (1.4) 
where k  is the wave vector, and ( )u r  is the Bloch function satisfying the condition 
( ) ( )u r u r R= +  where R  is the periodicity of the PC. From Equation 1.3 and Equation 
1.4, one can solve for the eigenvalues ω  as a function of wave vector k and the 
corresponding eigenfunctions ( )E r . The graphical representation of the dispersion 
relation ( )kω is the band diagram of the PC, and a typical band diagram for a two-
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dimensional PC is shown in Figure 1.9 [109]. Figure 1.9 (a) shows the band diagram of a 
two-dimensional hexagonal lattice of air holes in a dielectric slab. The light grey tetragon 
region denotes the light cone (the states that can couple out of the photonic crystal grating, 
i.e., the leaky modes); the dark grey trapezoid region represents the photonic bandgap 
(the frequency range in which no EM modes exist and all propagation directions cannot 
occur); and the red line denotes the guided modes that are TE-like (even) with respect to 
the horizontal mirror plane of the dielectric slab. Similarly, Figure 1.9 (b) is the band 
diagram of a two-dimensional square lattice of air holes in a dielectric slab with a much 
narrower FBG. This two-dimensional PC is designed for transverse electronic (TE) 
polarization (partial polarization), although it is possible to design the PC for complete 
polarization (both TE and transverse magnetic (TM) polarization). Since the basic 
physical phenomenon behind the operation of PCs is based on diffraction, the periodicity 
of the PC should be on the order of, or smaller than, the wavelength of the incident EM 
waves.    
 
 
Figure 1.9  Fundamental TE-like (even) guided mode bandstructure for hexagonal and 
square lattices, calculated using a two-dimensional plane-wave expansion method with an 
effective index for the vertical guiding: (left) hexagonal lattice with r/a = 0.36, nslab = neff 
= 2.65; (right) square lattice with r/a = 0.40, nslab = neff = 2.65 [109].  
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 PCs can be fabricated in one-, two-, and three-dimensional structures, as shown in 
Figure 1.10. Insertion of a defect—a deliberate geometric feature embedded in place of 
the lattice within the structure—into the PC interrupts the refractive index periodicity and 
breaks the translation symmetry of the periodic structure, thus creating a new state in the 
FBG, allowing light to exist in the neighborhood of the defect [107]. Analogues to the 
one-, two-, and three-dimensional PC, a point-like, linear, or planar defect can be 
intentionally introduced into the structure (like the donor or acceptor inside a 
semiconductor), which generates localized EM states. Point-like cavities, linear 
waveguides, or planar waveguides—by virtue of creating isolated states or escape routes 
for light among the suppressed modes—result in a transmission/reflection spectrum with 
a relatively sharp peak within the FBG [110]. With the periodic modulation of the 
refractive index and the incorporation of intentional “defects,” PCs can be designed to 
control and manipulate the propagation of light to generate optical phenomena such as 
the inhibition of spontaneous emission, highly-reflecting mirrors, and low-loss 
waveguides [106, 111]. Through careful selection of structure dimension, medium  
 
Figure 1.10  Schematic of photonic crystals with one-, two-, and three-dimensional 
periodicity. 
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material, and induced defect, PCs offer the opportunity for light confinement within 
wavelength-scale cavities. In addition, PCs could be fabricated on silicon-based materials, 
providing easy integratibility with semiconductor devices and electronic circuits. Since 
the first artificial PC reported by Yablonovitch—who coined the term “photonic crystal” 
in 1987 [112]—PCs have attracted extensive interest in wide applications as optical fibers 
[113-115], photonic chips [2], optical biosensors [116-118], nonlinear optics [111], 
quantum information processing [119], and low-threshold lasers [120, 121]. Specifically, 
one-dimensional PCs have been successively commercialized for optical biosensors, and 
two-dimensional PCs for photonic crystal fibers, which employ a microscale structure to 
confine light in air and can be designed with zero dispersion over a large wavelength 
region. This characteristic is available only with photonic crystal fibers.   
 
1.2.2 Surface photonic crystals  
For three-dimensional PCs, since there are periodic refractive index structures 
over all three coordinates, the FBG effect can be utilized to confine light in all 
propagation directions. Therefore, three-dimensional PCs show considerable promise for 
optical confinement; however, their fabrication is generally much more complex and 
cumbersome when compared to one- and two-dimensional PCs. With regard to the 
structure of one- and two-dimensional PCs, since there is at least one direction along 
which there is no FBG effect, total internal reflection is generally utilized to guide light 
propagating within the direction or plane of the PC structure. Such structures are called 
surface photonic crystals, where the PBG effect is utilized for light confinement in the in-
plane direction (the direction of the refractive index periodicity), while total internal 
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reflection confines light in the vertical direction. Fulfillment of the total internal 
reflection condition in the vertical direction requires that the surface PC must have a 
higher refractive index layer (waveguide layer) than that of the adjacent layers above and 
below (cladding layers), so that light is confined in the waveguide layer and propagates 
within the PC structure. The fabrication of surface PCs is facilitated by the standard 
planar technology used to make electronic circuits such as nano-imprinting and thin-film 
processing technology, where the layered structure is mainly achieved by evaporation or 
deposition, while the PC structure is generally fabricated using either lithography and 
etching or replica-molding techniques to pattern the dielectric function at the sub-
wavelength scale [122]. The fabrication of three-dimensional PCs for visible frequencies 
remains a difficult undertaking at this time [123].   
The optical properties of surface PCs are described in terms of their dispersion 
relation or band diagram ( )kω , which is similar to that of a three-dimensional PC except 
that they generally include light lines (or cones), which separate the modes that are 
confined within the surface PC (guided modes) and the modes that can couple out of the 
surface PC (leaky modes). The formation of light cones in the band diagram of surface 
PCs is induced by the layered structure in the vertical direction. When light with an 
incident angle less than the critical angle enters the interface between the waveguide 
layer and the cladding layers, the light is not confined inside the PC structure and can be 
coupled out of the PC to far field radiation. The region above the light line corresponds to 
the leaky modes [122] that fail to be confined by total internal reflection, and is indicated 
as the light grey hexagon region in Figure 1.9. Modes below the light line are confined in 
the PC structure. When the guided mode reaches the edge of the light cone, it couples out 
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of the PC and extends into the far field. This capability is utilized to design high-
efficiency optical reflectors, optical cavities for controlled emission, and excitation of 
optical emitters [124]. The waveguide layer thickness is a critical parameter in the design 
of surface PCs. If it is too thin, the mode will be weakly confined inside the PC structure; 
whereas if it is too thick, higher-order modes will fill in the PC structure. The optimum 
height is around a half-wavelength.  
 Through careful selection of structure periodicity, grating material, and 
waveguide layer thickness, surface PCs can be designed to provide highly efficient 
narrow-band reflection, produced by the strong confinement for both in-plane and out-
plane directions. Due to the inherent flexibility in geometry, which allows fine-tuning of 
the resonance wavelength, high efficiency, and large-scale integrability on chip, surface 
PCs have found applications as biosensors [117, 118] and optical resonant filters [125, 
126]. Because the resonant wavelength of surface PCs can be tuned by electrical [127] or 
optical [128, 129] means, they are especially attractive as the wavelength-selective 
element for ECLs. A one-dimensional PC optical resonance reflector, incorporating the 
nonlinear azobenzene molecule, is utilized in this work to provide optical feedback for 
the proposed optically tunable ECL system. The physics of the azobenzene molecule is 
described in the following section. 
 
1.3 Structure and Optical Applications of Azobenzene   
Optical wavelength tuning is a key requirement for development of integrated 
opto-electronic devices and future photonic circuits. The approach to optically tunable 
ECLs prescribed here is realized through the incorporation of azobenzene within a 
surface PC structure, which utilizes azobenzene’s ability to control the refractive index 
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produced by photon-induced isomerization. In this section, photoisomerization of the 
azobenzene molecule will be explained, and using the characteristics of azobenzene to 
tune an ECL will be illustrated.  
 
1.3.1 Physics of azobenzene molecules  
Azobenzene, one of the most prominent members of the photoactive azo 
compounds, is composed of two phenyl rings (a cyclic group of atoms with the formula 
C6H5) linked by a double-bonded nitrogen bridge (N=N)—the so-called azo group. This 
extended aromatic structure gives rise to azobenzene’s strong optical absorption and 
related optical properties. For instance, as a consequence of п-delocalization of the 
phenyl ring, azobenzene molecules and their derivatives have vivid colors, especially 
reds. Therefore, they have been used as dyes in a variety of industries; an example is 
Disperse Red 1 (azobenzene N-ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo) aniline). 
There are two isomeric forms of azobenzene molecules in the ground electronic state: a 
nearly planar trans conformation with high symmetry (also denoted as the E state), and a 
three-dimensional cis conformation in which two phenyl ring planes are displaced by 60º 
(also denoted as the S state). The basic structure of the molecule and the relationship 
between the E and S states are illustrated in Figure 1.11 (a). Compared to the cis 
structure, the trans structure is 1.98 Å longer and has the potential minimum 
approximately 0.6 eV lower. Measured from trans to cis, an energy barrier of 
approximately 1.6 eV separates these two conformations [130], as shown in Figure 1.11 
(a). At thermal equilibrium, according to the Boltzmann distribution, the fraction of 
isomers in the cis configuration at room temperature is negligible.  
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Figure 1.11 (a) Geometric configuration of the trans and cis isomers of azobenzene [130]. 
(b) Photoisomerization scheme based on a simplified potential energy diagram of the 
azobenzene trans-cis conformation [131].    
 
The most intriguing property of azobenzene (and its derivatives) is the reversible 
transition between the thermally stable trans and the metastable cis structure under photo-
excitation, with the structural change occurring on the excited state [130]. As shown in 
Figure 1.11 (b) [131], under optical illumination, the azobenzene molecule transits from 
the ground electronic state to an excited potential surface. The optical excitations of the 
trans and cis isomers occur at different photon energies ( 1hν  and 2hν ); thus, the direction 
of the conversion can be selected via the wavelength of the optical radiation. The excited 
potential has no barrier between the cis and trans states, with an energy minimum at the 
intermediate configuration, while an energy barrier of 1.6 eV separates the two structures 
 
1hν
2hν
(a) 
(b) 
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in the ground state. Electronic decay from the excited minimum leaves the system in an 
intermediate configuration (the top of the ground state barrier); the system then relaxes 
into either the trans or cis configuration. This photo-induced isomerization between the 
trans and cis conformations is the basis of most azobenzene photochemistry. Due to their 
clean photochemistry and the substantial differences between the structure and dielectric 
properties of the trans and cis configurations [132], azobenzene chromophores exhibit a 
variety of distinctive photophysical and photomechanical effects, such as photo-
orientation of material with polarized light [133], photo-bending of thin films with 
polarized light [134], and surface patterning of azo-polymer with light of varying spatial 
intensity [135]. Also, since the photoinduced isomerization is reversible, photo-switching 
effects have also been observed with azobenzene compounds [136]. Because of their 
unique optical properties, azobenzene molecules have attracted intensive interest among 
both chemists and physicists and have found a wide variety of applications in 
lithography, nonlinear optical devices, data storage, and all-optical switches [132]. In 
addition, the azobenzene molecule has also served as a photochemical model system for 
the photoregulation of proteins and photocontrolled self-assembly [136]. To improve 
processability, photophysical stability, and practical device applications, the azobenzene 
molecule is generally incorporated into polymer matrices, either amorphous or liquid 
crystalline [135]. 
The first synthesis of azo was reported in 1858 [129], in which nitrobenzene was 
reduced by iron filings in the presence of acetic acid. Since then, many different methods 
have been reported to prepare the azobenzene molecule, and representative approaches 
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include the reduction of zinc benzene with a base, and the reduction of diazotized aniline 
with cuprous salts [137, 138].  
 
1.3.2 Optical tuning through azobenzene molecules  
Because of the substantial differences in the electronic structure and dielectric 
properties of the trans and cis isomers, azobenzene-functionalized materials offer 
controllability and processibility for refractive index processing, and have been widely 
used for refractive index modulation and optical signal alignment [139]. In the proposed 
optically tunable ECL, a solution of azobenzene molecules was incorporated onto the 
surface of a one-dimensional PC resonant reflector as the wavelength-selective element. 
Optical tuning was realized through refractive index changes in azobenzene produced by 
photoinduced isomerization which, in turn, changed the reflection peak wavelength of the 
surface PC reflector, thus varying the lasing wavelength of the ECL. A continuous wave 
(CW) pump beam from a frequency doubled Nd:YVO4 laser (λ = 532 nm) was used as 
the optical excitation source. 
During optical activation, two principal mechanisms account for the refractive 
index change in azobenzene molecules. The first mechanism is photo-induced excitation 
where, under optical illumination, the azobenzene molecules absorb the photon energy 
and are excited from the lower energy trans state to the cis state [127]. Since the cis state 
of the azobenzene molecule has a compact, bent conformation, while the trans form of 
the molecule is elongated and linear, transition from trans to cis results in a net decrease 
in optical density, and thus a reduction in the bulk refractive index of the azobenzene 
solution. The fraction of the azobenzene molecules in the excited cis
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to the optical illumination intensity, allowing direct control of the refractive index of the 
azobenzene solution on the PC surface, thereby adjusting the resonant reflected 
wavelength of the surface PC. 
The second mechanism of refractive index change in azobenzene molecules is 
photo-induced birefringence, produced by the accumulation of elongated trans-
azobenzene molecules along the direction perpendicular to the polarization of excitation 
light. This occurs through the following two steps [127]. (1) Under linearly polarized 
excitation, the thermally stable trans-azobenzene oriented along the electric field vector 
of the incident light participates in photoabsorption and thus may be isomerized to the cis 
structure, while those oriented perpendicular to the incident light polarization remain in 
their original state. (2) Subsequent thermal relaxation from the cis to trans conformation 
results in random alignment of the molecular angular distribution. In the latter case, those 
molecules that end up perpendicular to the incoming light polarization will stay “locked,” 
while others will continue taking part in the process of selective isomerization and 
random relaxation [140]. The repeated photoisomerization cycles continue until the 
chromophores find themselves in a position where their dipole moments (along the long 
axis of the molecule) lie perpendicular to the polarization plane of the pump light [141], 
leaving a statistically significant fraction of the azobenzene molecules aligned 
perpendicular to the incident light direction. This results in a net increase in the optical 
density along the direction of molecular alignment and a net decrease in optical density 
along the polarization axis of the incident light, which is birefringence. The induced 
anisotropic molecular orientation can be removed by randomizing molecular alignment 
with circularly polarized light or heat [142].  Based on the molecular angular 
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redistribution over repeated isomerization cycles, this photo-induced birefringence effect 
occurs on a timescale much slower than that of the photoinduced excitation, and it is not 
observed in systems that do not preserve molecular orientation, such as the dye-solvent 
solution used in our ECL [127, 143].   
 The nature of the polymer matrix of the azobenzene molecules is crucial in 
determining the magnitude  of refractive index change, because of “its power to enable or 
restrict the motion of the chromophore” [139]. In the optically tunable ECL, the 
azobenzene dyes are dissolved in isopropyl alcohol (IPA) solvent, which facilities the 
transition between trans and cis structures. Thus, the refractive index change of the 
azobenzene solution can be maximized which, in turn, optimizes the tuning range of the 
ECL.   
 
1.4 Optically Tunable External Cavity Ring Laser  
Even though ECLs with frequency-selective components including diffraction 
gratings, FBGs, and electro-optic and acousto-optic devices have been well developed, 
the former two suffer from the incorporation of a mechanical stage which adds 
complexity and instability to the system. Furthermore, the latter two impose the 
requirement of an additional circuit driving the wavelength-selective element and the 
sustained supply of electrical power to maintain the altered wavelength. Alternatively, an 
all-optically tunable ECL, based on a light-driven process, is therefore highly desirable 
for integrated optical communication systems and future photonic circuits.  
We have built the first, optically tunable external cavity laser, employing a 
surface PC resonant reflector that incorporates an optically active azobenzene polymer. 
 30 
Control of the surface PC resonant wavelength is realized by adjusting the refractive 
index of the superstrate layer of the surface PC (the azobenzene solution) through 
photoinduced isomerization of the azobenzene molecules, thus establishing new Bragg 
conditions to tune the ECL. This new optical device combines the high selectivity of the 
surface PC passive resonator with the high resolution of the external cavity laser emission, 
and has the advantages of stable laser operation, narrow emission line-width, broad 
wavelength tunablility, and high integratibility. The design, fabrication, and 
characterization of the optically tunable ECL are described in the following chapters.   
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CHAPTER 2  
OPTICALLY TUNABLE EXTERNAL CAVITY LASER DESIGN 
 
Tunable external cavity diode lasers are of considerable interest for applications 
in atomic physics, optical communication networks, atmospheric and environmental 
monitoring, and solid state laser pumping sources, among others. This chapter reports the 
design of an optically tunable external cavity laser which utilizes a surface PC resonance 
filter incorporating an optically active azobenzene solution as the wavelength tuning 
element. Recent advances in nano-imprinting and thin-film techniques greatly simplify 
the fabrication of grating structures [1, 2], and it has been demonstrated that the PC 
resonance filter can be manufactured over surface areas up to 10 × 10 cm square in a 
minute using replica-molding methods [3].  The outline of this chapter is as follows: 
Section 2.1 describes the surface PC resonance filter, which is the dispersive element of 
the optically tunable ECL, while Section 2.2 presents the numerical study of the surface 
PC resonance filter using rigorous coupled wave analysis (RCWA).    
 
2.1 Surface PC Resonance Filter Structure 
The wavelength-selective element used in the optically tunable ECL described 
here is a one-dimensional PC guide-mode resonance filter (GMRF), whose reflectance 
spectrum is optically tunable through the incorporation of the optically active azobenzene 
doped isopropyl alchohol, thus providing selective optical feedback for the ECL system. 
Long before the term “photonic crystal” was first used by Yablonovitch in 1987 [4], the 
one-dimensional thin-film stack comprising alternating layers of materials, the so-called 
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distributed Bragg reflector (DBR), had been in practical use for many years. The 
resonance of light propagating inside a periodic structure occurs when there is 
constructive interference of diffraction from adjacent gratings, or, in other words, when 
the phase shift is a multiple of 2pi , which is described by Bragg’s law: 
 eff  2 sinm nλ θ= Λ  (2.1)  
where m is the diffraction order, λ  is the center resonance wavelength, effn  is the 
effective index of the PC layer, Λ is the grating periodicity, and θ  is the angle between 
the incident ray and the scattering plane. In DBRs, the grating period is designed so that 
only the transmitted or zeroth-order diffraction of the incident light is allowed to 
propagate, and the resonance wavelength satisfies Equation 2.1 when m = 1: 
 eff  2 sinnλ θ= Λ  (2.2) 
Since the resonant mode propagates only in-plane with the planar periodic structure, all 
the diffracted light is guided inside the resonator. Therefore, the reflection can only 
radiate out from the edge of the DBR [5], as shown in Figure 2.1 (a).   
 
                
Pump
DBR GMRF
Pump
(a) (b)
 
Figure 2.1  Cross sections of (a) distributed Bragg reflector (DBR) and (b) guided-mode 
resonance filter (GMRF). 
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Another one-dimensional photonic crystal, the GMRF, is the structure of interest 
in the present work. The physical mechanism of GMRF is based on diffraction by a 
subwavelength grating and leaky-mode excitation in the PC waveguide. The theoretical 
study of the GMRF was first report by Wang et al. in 1990 [6]. The grating periodicity of 
GRMF is designed to be smaller than the wavelength of interest such that it satisfies the 
following relation:  
 eff  sinnλ θ= Λ  (2.3)   
which is the case of Equation 2.1 by letting m  = 2. This has the consequence that in 
addition to zeroth-order diffraction, the first-order diffraction is also supported [7] and 
that coupling of first-order diffraction is normal to the surface. Incident light of the 
proper wavelength and direction, which satisfies the phase-matching condition with the 
guided mode of the surface PC, is coupled into the zeroth-order diffraction that travels 
parallel to the planar periodic structure as a leaky mode. The light propagates only a very 
short distance (on the order of 10 to 100 grating periods) before being re-radiated both in 
the forward (transmitted) and backward (reflected) directions [8]. Those re-radiated 
waves that destructively interfere with the zeroth forward diffraction and constructively 
interfere with the zeroth backward diffraction, result in energy localization and an electric 
field with high magnitude within the dielectric structure. From symmetry considerations, 
the same mechanism of coupling far field incident light into the surface PC mode also 
couples both transmitted and reflected waves inside the PC structure to the first-order 
diffraction beam. Both the incident and output beams are radiated out at an angle that is 
nearly normal to the resonator surface (Figure 1.1 (b)) [9, 10]. The highly sensitive 
coupling condition results in a sharp variation of the intensity of the propagating waves, 
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or, in other words, a sharp dip in the transmission or reflection spectrum of the GMRF.  
The vertically emitting property of the GMRF facilitates the incorporation of 
photo-active materials and biomolecules into its surface, thereby enabling various filter 
applications, such as wavelength division multiplexers, laser cavity reflectors, light 
modulators, and biosensors [6, 11]. Such filters are capable of producing an extremely 
narrow reflection spectral band with nearly 100% efficiency spanning UV to IR [8]. 
Compared to multilayer Bragg reflectors, GMRFs are especially attractive because they 
only require the deposition of one dielectric thin film with a one- or two-dimensional 
periodic sub-wavelength grating structure that is generally fabricated using either 
lithography or nano-imprinting technology. The recent development of replica-molding 
techniques allows for inexpensive fabrication of surface PCs upon continuous rolls of 
flexible and transparent thin plastic films.  
The cross-sectional diagram of the surface PC resonance filter incorporating a 
superstrate layer of azobenzene-doped isopropyl alcohol is shown in Figure 2.2. The 
substrate is a flexible and transparent polyethylene terephthalate (PET) film with a 
thickness of 0.25 mm. The surface PC grating is formed in a layer of low refractive index 
( 1.37gn = ) ultraviolet-curable polymer (UVCP) by a replica-molding technique [12]. A 
thin film (
2
2.35TiOn = , 2 120 nmTiOt = ) of titanium dioxide (TiO2) is deposited over the 
UVCP grating to provide waveguiding that supports the surface PC modes. The optically 
active layer is in the form of azobenzene-doped isopropyl alcohol ( 1.366azon = ) with an 
azobenzene concentration of 5% by weight, and was sealed directly above the TiO2 layer 
with a microscope slide above and epoxy around the edges. When illuminated with 
broadband light at normal incidence, the surface PC strongly reflects back a narrow band  
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Figure 2.2  Schematic diagram of the surface PC resonance filter incorporating a 
superstrate layer of azobenzene-doped isopropyl alcohol (not drawn to scale). 
 
of wavelengths with an efficiency of 80%. Upon laser illumination, the resonant 
wavelength of the surface PC is blue-shifted due to the refractive index decrease of the 
azobenzene solution induced by photo-isomerization of trans-azobenzene to cis-
azobenzene transformation, and returns to its original position after the laser illumination 
is terminated. The selection of the host material of the azobenzene molecule is crucial to 
the tunability of the ECL. In this work, the solution of azobenzene dissolved in isopropyl 
alcohol is employed because of its low viscosity (1.96 centipoises at 25 °C) which 
facilitates the azobenzene molecule motion during the photon-induced isomerization, thus 
providing maximum changes in the refractive index of the azobenzene solution. It has 
been reported that azobenzene embedded in a solid poly(methyl methacrylate) (PMMA) 
polymer has a maximum refractive index change of  0.01, while azobenzene in a solution 
of isopropyl alcohol has a refractive index change of 0.09 [13]. The substrate grating 
layer and the superstrate azobenzene solution layer function as cladding layers for the 
high refractive index TiO2 layer, which requires  2g TiOn n<   and 2azo TiOn n< .  Besides the 
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refractive index restriction, the desired properties of the host material of azobenzene 
molecule also include low optical loss and thermal stability.   
The refractive index change of the superstrate layer of azobenzene solution, 
induced by isomerization during optical excitation, shifts the resonant wavelength of the 
surface PC resonance filter, which in turn changes the emission wavelength of the ECL. 
In other words, the ECL emission output is regulated through optical illumination, which 
permits easy and accurate control, wide tuning range, and high efficiency with little 
power consumption.   
 
2.2 Rigorous Coupled Wave Analysis Modeling   
Since there are several construction parameters of the surface PC GMRF that 
affect its reflection profile, including grating periodicity, grating depth, TiO2 layer 
thickness, and refractive indexes of each layer, it is necessary to precisely model the 
behavior of the GMRF to optimize the design and fabrication process. To accurately 
predict the actual physical characteristics and successfully implement the GMRF on the 
basis of the physical parameters of the structure, an electromagnetic simulation tool 
employing a RCWA algorithm was used, which is capable of providing accurate results 
for periodic structures while minimizing the computational complexity of the procedure 
[14]. The basic information about the surface PC GMRF, including resonance 
wavelength, reflection line-width, and resonant field distribution, can all be derived 
through this numerical study. In addition, the simulation can be used to optimize the 
design of the surface PC GMRF to achieve better reflector performance with a smaller 
FWHM and higher quality-factor (Q-factor).   
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Many computational electromagnetic modeling techniques have been developed 
to solve Maxwell’s equations with given boundary conditions, such as the finite-
difference time-domain method (FDTD), finite element method (FEM), and method of 
moments (MOM). These methods are versatile and have been successfully 
commercialized; however, they generally suffer from the requirement for large 
computational resources and long computational time. For the surface PC GMRF, due to 
its periodic structure along the grating surface, the wave equation possesses unique 
periodic boundary conditions. The RCWA algorithm, first reported by Moharam and 
Gaylord in 1981 [15], is a numerical method developed especially for solving periodic 
diffracting structures and provides near-exact solutions to Maxwell’s equations. Because 
of its good convergence, numerical stability, and relatively simple implementation, 
RCWA has been widely used in investigations of holographic gratings, diffractive optical 
elements, and photonic crystals [16-20]. The simulation region generally comprises a 
single lattice of the grating structure with periodic boundary conditions, as shown in 
Figure 2.3.  
RCWA is a computational method based on the Fourier expansions of the 
material properties and the EM fields along the directions of the periodicities [21]. The 
spatially periodic dielectric function is first expanded into a summation of Fourier 
harmonics [5]. Accordingly, inside the computational domain of a single lattice, the 
solution to Maxwell’s equations is written as the summation of a Fourier series with 
unknown reflection and transmission coefficients. By enforcing the continuity conditions 
regarding the tangential components of EM fields at different material interfaces, an array 
of second-order differential equations with unknown coefficients can be derived from  
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Figure 2.3  Cross-sectional diagram of the numerically studied surface PC GMRF 
incorporating a superstrate layer of photon-active azobenzene solution (not drawn to 
scale). The blue dashed rectangular box represents the RCWA simulation region.  
 
Maxwell’s equations, resulting in a computer-implementable matrix formulation. With 
appropriate orders of Fourier harmonics, depending on the accuracy and convergence 
speed required, the algebraic equations can then be numerically solved.  Based on the 
calculated reflection and transmission coefficients, the reflection and transmission 
efficiencies as well as the electric field distribution can be computed as a postprocess. A 
step-by-step explanation of the RCWA method, written by the developer of the RCWA, 
is presented in [22]. The optical properties of the one-dimensional PC GMRF were 
calculated using DiffractMOD (from RSoft Design Group), a commercial RCWA 
simulation tool. DiffractMOD incorporates advanced algorithms, including fast Fourier 
factorization and generalized transmission line formulations, to improve the robustness 
and efficiency [23] of the RCWA simulation.  
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2.2.1 Resonant wavelength prediction 
Numerical simulations of the GMRF were performed using DiffractMOD. For 
simulation of the optical properties of the surface PC GMRF, it was assumed that an 
incident beam with transverse magnetic (TM) polarization illuminates the GMRF at 
normal incidence. Five transmission and reflection harmonics were used in the simulation, 
which permits the accuracy for the conservation of energy to be one part per million and 
allows for completion of the simulation in 20 seconds [23]. To calculate the reflectance 
spectrum, the simulation was run with the incident wavelength varied over the region of 
interest (between 750 and 950 nm in our case). The computational interval was 10-2 µm.  
As shown in Figure 2.4, the diffraction efficiency at resonance wavelength 
reaches 100% for the GMRF structure of Figure 2.3. Specifically, the grating periodicity 
is 550 nm, the grating depth is 170 nm, the TiO2 layer thickness is 120 nm, and the 
refractive index of the superstrate layer of azobenzene solution is 1.366. For these 
parameters, the reflection peak is calculated to be located at 847.50 nm and have a 
FWHM of 2.11 nm, assuming normal incidence of the TM-polarized wave. When the 
GMRF is used as the wavelength-selective element in an external ECL, the system is 
expected to lase at around 847.50 nm with light reflection normal to the device surface.  
The optical tuning of the proposed external cavity laser is realized through 
incorporation of the optically active azobenzene doped isopropyl alcohol as the 
superstrate layer of the GMRF, whose reflectance spectrum is adjustable via the 
refractive index change of the superstrate layer induced by the isomerization produced by 
optical illumination. A full reflection spectrum has been calculated for five different 
values of refractive index of the superstrate layer, and the results are shown in Figure 2.5.  
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Figure 2.4  Calculated normal-incidence reflection spectrum with TM-polarization of the 
surface PC GMRF as shown in Figure 2.3. 
 
 
It is clear from the figure that the predicted resonance wavelength strongly depends on 
the refractive index of the superstrate layer, clearly demonstrating the sensitivity of the 
resonance wavelength to changes in superstrate refractive index. As the superstrate 
refractive index increases from 1.00 to 1.50, the corresponding reflection peak shifts from 
825.80 nm to 868.75 nm. This coincides with the resonance wavelength equation of the 
GMRF (Equation 2.3), which states that the resonance wavelength is proportional to the 
effective refractive index of the surface PC. A change in refractive index of the 
superstrate layer of the GMRF will result in a corresponding change in the effective 
refractive index in the same direction. Another interesting feature observed in Figure 2.5 
is that the spectral line-width of the reflection peak narrows as the superstrate refractive   
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Figure 2.5  Calculated normal-incidence reflection spectrum with TM-polarization for 
five different values of the refractive index of the superstrate layer: 1.00, 1.20, 1.37, 1.44, 
1.50 (from left to right). 
 
index increases. In other words, the quality factor of the GMRF is improved as the 
refractive index of the superstrate layer increases, which generates a smaller refractive 
index contrast between the high refractive index region (the TiO2 layer) and the low 
refractive index region (the superstrate layer). Since the spatial profile of the surface PC 
leaky mode is mainly concentrated in the high refractive index region where the grating 
structure is located, smaller refractive index contrast results in less spatial overlap of the 
surface PC mode with the grating region, thus encountering less diffraction loss [24].      
The spectral location of the reflection peak is also called the peak wavelength 
(PWV), and a numerical model of the PWV value in relation to the refractive index of the 
superstrate layer of the GMRF has been developed based on the simulation in Figure 2.5. 
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Figure 2.6 shows a point plot of the calculated PWV value as a function of the superstrate 
refractive index, along with a third-order polynomial fit having a determination 
coefficient of 2R = 1, as indicated by the red curve in Figure 2.6. The following equation 
accurately illustrates the dependence of the calculated PWV on the superstrate refractive 
index in which the PWV is expressed in nanometers and n  is the superstrate refractive 
index: 
 
3 2PWV 129.71 315.12 288.34 718.87n n n= − + +  (2.4)                          
 
Figure 2.6  Point plot of the calculated reflection peak for different superstrate refractive 
indexes, with a third-order polynomial fit. 
 
 
2.2.2 Photonic band diagram calculation 
The dispersion relation ( )kω , which yields the photonic band diagram, was also 
computed using DiffractMOD, to achieve a comprehensive understanding of the optical 
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characteristics of the surface PC GMRF. The photonic band diagram shows all of the 
allowed electromagnetic modes supported by the periodic structure as a function of the 
incident wave-vector [5]. To simulate the photonic band diagram, DiffractMOD 
calculates the diffraction efficiency at different wavelengths and propagation vectors for 
the incident plane wave. The resulting photonic band diagram of the surface PC GMRF is 
presented in Figure 2.7, where the reflection value of the TM-polarized incident light is 
represented by the color gradient. The y axis denotes the incidence wavelength, which 
extends from 770 to 920 nm with a computational interval of 10-2 µm, and the x  axis 
indicates the incidence angleθ  given by 1 1 0sin ( / )k kθ −= , where 1k  is the component of 
the incident wave vector parallel to the grating periodicity, and 0k is the free space 
incident wave number.                      
From Figure 2.7, we can see that only at 847.50λ = nm and 0θ =  (normal 
incidence) is a confined, standing wave supported with a diffraction efficiency 
approaching unity, and the corresponding resonant wavelength of 847.50 nm is the band-
edge of the surface PC GMRF. When the incident light enters the GMRF at an oblique 
angle, the phase-matching conditions for coupling into the surface PC leaky modes are 
satisfied at two different wavelengths, resulting in non-equivalent propagation vectors for 
the 1± diffraction orders [24]. Therefore, at oblique incidence the leaky mode at normal 
emission splits into two degenerate leaky modes, with the resonance wavelength of one 
degenerate, leaky mode blue-shifted and the other red-shifted with respect to the normal 
incidence case. In addition, since the standing wave condition produced at the normal 
incidence is no longer met at oblique incidence, all the other modes have an in-plane 
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Figure 2.7  Calculated dispersion relation (photonic band diagram) of the surface PC 
GMRF shown in Figure 2.3. The bright yellow region indicates high reflection values 
produced by the guided-mode resonance effect, and a clear photonic band-gap is 
achieved at normal incidence.    
 
propagation constant, i.e. 1   0k > , which indicates weak confinement of light and 
energy loss, as shown in Figure 2.7. Since the surface PC leaky mode at the photonic 
band edge ( 847.50λ = nm and 0θ = )  has the highest diffraction efficiency among all 
other propagating modes, this mode has the strongest light confinement and lowest lasing 
threshold. As a result, in the proposed optically tunable external cavity laser, the surface 
PC GMRF is normally illuminated from the output of an SOA, and provides selective 
optical feedback at around 847.50 nm with reflection perpendicular to the surface PC 
back to the SOA. The fabrication of the surface PC GMRF, and the configuration of the 
optically tunable ECL, are described in the next chapter.   
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CHAPTER 3  
FABRICATION AND EXPERIMENT SETUP 
 
Research on tunable external cavity diode lasers has a long history [1], and 
different approaches for frequency tuning have been developed over the past four decades. 
Diffraction gratings, as well as electrically tunable devices, acoustically tunable devices, 
and fiber Bragg gratings, are among the wavelength-selective elements adopted for ECLs. 
However, since they require either the incorporation of a mechanical stage or additional 
circuitry associated with the wavelength-selective elements, they are inherently limited in 
terms of complexity, cost, and portability. It would be desirable to build a mechanically-
free, all-optical ECL, especially for the development of optically integrated systems and 
photonic circuits. Here, we report the operation of an optically tunable ECL in which the 
lasing wavelength can be controlled via optical excitation of the nonlinear azobenzene 
molecule within a surface photonic crystal resonance filter. Since the resonant 
wavelength of surface PCs can be tuned by electrical [2] or optical [3] means, they are 
especially attractive as the wavelength-selective element for an ECL. Conventional 
fabrication processes of defining submicron periodic features generally involve electron-
beam (e-beam) lithography, interference photolithography, and laser ablation [4], which 
are inherently limited by the processing complexity, equipment requirements, high 
fabrication costs, and low throughput. While recent advances in nano-imprinting and 
thin-film techniques greatly simplify the fabrication of submicron grating structures, high 
throughput replication of surface PCs (designed for the infrared range) on continuous 
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sheets of plastic films can now be manufactured at low cost over areas of 10 × 10 cm 
square using replica-molding methods [5].  
The replica-molding technique is a room-temperature, low-pressure process 
developed from nano-imprinting technology, in which the surface one- or two-
dimensional pattern on a silicon wafer is transferred onto a substrate of plastic or glass 
through a molding process using an ultraviolet-curable polymer. The replica-molding 
method is performed on plastic films or glass sheets of low cost, and  a single master 
silicon (Si) wafer with the desired surface pattern, fabricated in a single process, can be 
used to transfer the periodic pattern onto the substrate within a minute. Furthermore, the 
same master stamp can be used thousands of times without measurable degradation [6]. 
Therefore, replica-molding techniques are especially attractive for low-cost 
manufacturing of periodic planar structures over large surface areas. Capable of one- or 
two-dimensional structure replication over surface areas of 10 × 10 cm square [5, 7], this 
approach results in rapid and accurate pattern formation that is inexpensive and amenable 
to mass production.        
  Section 3.1 describes the fabrication procedure of the surface PC GMRF using 
replica-molding techniques, while Section 3.2 discusses the configuration of the optically 
tunable ECL. 
   
3.1 Wavelength-Selective Element Fabrication 
As mentioned previously, the optically tunable laser utilizes a surface PC 
combing an optically active azobenzene solution as the wavelength-selective element. A 
replica-molding technique was utilized to fabricate the surface PC GMRF, in which the 
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one-dimensional periodic pattern of the master Si wafer is replicated in a liquid polymer 
material (UV curable polymer) that can be cured by exposure to UV radiation, thus 
resulting in a precise replication of the desired surface pattern. The fabrication of the 
surface PC is reported in detail in this section. 
 The surface PC GMRF, as already described in Section 2.1, is a one-dimensional 
periodic surface structure, fabricated in a low refractive index polymer layer by replica-
molding, covered with a thin film of  TiO2. The superstrate layer directly above the TiO2 
layer is in the form of azobenzene-doped isopropyl alcohol. There are basically four steps 
in the replica-molding fabrication process: (1) master wafer fabrication, (2) periodic 
pattern replication, (3) thin-film deposition, and (4) superstrate layer incorporation. Each 
of these steps is illustrated qualitatively in Figure 3.1 and the details are described in the 
following sections.   
 
3.1.1 Master wafer fabrication 
The desired periodic pattern was defined on an 8-inch (20 cm) diameter silicon on 
insulator (SOI) wafer, fabricated by Meng Lu (SRU Biosystems Inc.) using deep-UV 
photolithography. The substrate is a SOI wafer (grey) having a 200 nm-thick layer of 
silicon dioxide (SiO2) (Figure 3.1 (a.1)). The SOI wafer was first treated in a piranha 
solution (a mixture of 20 ml hydrogen peroxide (H2O2) and 100 ml sulfuric acid (H2SO4)) 
to remove organic residue from the substrate, followed by a 10 minute flush in deionized 
water. Subsequently, the electron-beam photoresist (PR) of poly (methylmethacrylate) 
(PMMA, from Microchem) (red) was spun onto the substrate at 2000 rpm for 30 seconds 
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Figure 3.1  Fabrication process of the surface photonic crystal, illustrating a replica-
molding technique. 
 
 
(Figure 3.1 (a.2)). After baking at 180 °C for 5 minutes, an ~500 nm thick masking layer 
resulted. An e-beam writing system (Cambridge Instruments, EMBF 10.5) with a beam 
diameter of 80 nm and a beam current of 15 pA, directly created the designed one-
dimensional grating pattern in the photoresist by breaking the chemical bonds in the long-
chain PMMA polymer. Developing this surface in methyl isobutyl ketone (MIBK, 
(CH3)2CHCH2C(O)CH3) and isopropyl alcohol (C3H8O) solution at a mixing ratio of 1:3 
for 90 seconds, yielded a one-dimensional surface PC structure with a periodicity of 550 
nm and a duty cycle of  50% in the PMMA (Figure 3.1 (a.3)). After a 30 seconds O2 
plasma descum operation at 300 watts which cleared the undisplaced, cured PR and 
planarized the layer surface, the SOI wafer was etched by Freon (CHF3) plasma in the 
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Plasmalab reactive-ion-etching (RIE) system (Figure 3.1 (a.4)). This process sequence 
produced the desired linear grating with a depth of 170 nm over an area of 12.5 × 12.5 cm 
(5 × 5 inches) square in the SiO2 layer of the substrate. Thereafter, a 1:1 mixed solution 
of methyl alcohol and methylene chloride was used to strip the PMMA off the SOI wafer 
in an ultrasonic bath for a period of 10 minutes (Figure 3.1 (a.5)). To facilitate the 
subsequent replica-molding process, the SOI wafer was then soaked in an anti-adhesion 
monolayer coating (dimethyldichlorosilane (repel-silane from Amersham Biosciences)) 
for 5 minutes. The repel-silane ensured that the surface of the SOI wafer is hydrophobic 
by fluorinating hydrocarbon substituents (the hydrophobic entities) [8], thus enabling the 
UVCP to be readily released from its surface. Afterwards, the SOI wafer was cleaned 
with isopropyl alcohol and deionized water, making it ready for replication of the 
periodic surface structure.    
 
3.1.2 Periodic pattern replication 
To transfer the one-dimensional PC structure onto a substrate of flexible 
polyethylene terephthalate (PET), a layer of liquid UVCP (EFIRON WR354, Luvantix 
Inc.) (pink) was spread onto the top surface of the silane-treated master SOI wafer (grey) 
(Figure 3.1 (b.1)), followed by gradually covering the UVCP with a flexible 0.5 nm thick 
PET film (green) over the entire wafer. Then, a rubber cylinder (white) of ~5 lbs was 
gently rolled across the top surface of the sandwiched structure which comprises the Si 
wafer, a layer of curable polymer UVCP, and the PET film, enabling the polymer to flow 
into the master wafer mold shape while simultaneously eliminating any trapped air 
pockets (Figure 3.1 (b.2)). At room temperature, the viscosity of the liquid UVCP is ~80 
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centipoises [9], and the rolling forms a uniform continuous layer of polymer between the 
SOI wafer and the PET substrate which conformed to all the features of the master SOI 
wafer without any intervening air bubbles [10].  Subsequent exposure of the polymer film 
to UV illumination from a high-power xenon lamp (RC600, Xenon Corporation) for 50 
seconds resulted in a layer of hardened UVCP preferentially adhering to the PET 
substrate owing to the crosslinking reaction [11] (Figure 3.1 (b.3)). The cured polymer 
layer thickness is controlled by the liquid polymer viscosity, the temperature of the 
replication process, and the pressure applied between the PET substrate and the master 
mold during periodic structure replication [12]. Finally, the master wafer and the replica 
of the periodic structure were separated by carefully peeling off the PET substrate, along 
with the UVCP layer, from the rigid SOI wafer (Figure 3.1 (b.4)). This generated an 
exact replica of the linear PC structure in the form of UVCP on the PET substrate, with a 
periodicity and depth of 550 nm and 170 nm, respectively. The completed UVCP layer 
has an overall thickness of ~10 µm with a refractive index n  = 1.46 as measured by 
ellipsometry (VASE, J.A. Woollam) at 850 nm. The replicated pattern in UVCP was 
inspected with a scanning electron microscope and digital camera, as shown in Figure 3.2. 
As noted above, the SOI wafer can be used thousand of times before significant grating 
line defects or particulate accumulation is observed [13]. It should be mentioned that the 
separation of the fabricated UVCP mode from the master mold is generally facilitated by 
choosing either the master mold or the substrate to be mechanically flexible [6]. If the 
one-dimensional PC structure is to be fabricated on a rigid glass substrate instead of a 
flexible plastic substrate, an additional step of producing a flexible polydimethylsiloxane 
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Figure 3.2  (a) Scanning electron microscope images and (b) optical micrograph  of the 
replica-molded grating profile. 
 
(PDMS) master mold from the SOI wafer should be performed before the periodic 
pattern transfer using UVCP.                                
 
3.1.3 Thin film deposition       
As shown in Figure 3.1 (c), following replication of the periodic structure, a 
dielectric layer of titanium dioxide (TiO2) (cyan) was deposited onto the patterned UVCP 
to provide the high refractive index necessary to support the surface PC mode. A dual-
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gun sputter system (Lesker PVD 75) was used for dielectric sputtering, and the operating 
conditions are an argon flow rate of 8 cm3/minute, an argon pressure of 1.5 milliTorr, a 
RF power of 300 watts for 100 minutes. To facilitate the thickness measurement of the 
TiO2 thin film, a small section of a Si wafer was placed beside the patterned UVCP film 
during the deposition. The resulting 120 nm thick TiO2 thin film had a refractive index of 
2.35, as measured by ellipsometry at 850 nm. In addition, the sidewalls of the PC grating 
were covered by approximately 10 nm of TiO2.  
 
3.1.4 Superstrate layer incorporation 
In the final step of the surface PC GMRF fabrication, the azobenzene embedded 
in isopropyl alcohol (red) was incorporated into the PC as the superstrate layer of the 
surface PC (Figure 3.1 (d)). Due to their clean photochemistry and availability, 
azobenzene molecules were chosen to serve as the optically tunable material of the 
device. The lasing emission of the optically tunable external cavity laser is controlled 
through photon-induced isomerization of the azobenzene molecules, caused by exposure 
to a 532λ = nm Nd:YVO4 laser. The isopropyl alcohol host is chosen due to its flexible 
and reduced density structure, which facilitates molecular motion during isomerization of 
the azobenzene molecules.  
To prepare the azobenzene solution, 20 mg of azobenzene was first mixed with 10 
ml of isopropyl alcohol, then heated to 60 °C and stirred at 2500 rpm in a vortex mixer 
(Fisher Scientific) until most of the azobenzene was disolved. This resulted in a saturated 
azo/IPA solution with a concentration of approximately 2% by weight. A 2 × 2 
bottomless four-well standard microtiter plate (Greiner) with a cross-section of 1 ×
 
1 cm 
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square and a thickness of 1 mm for each well was then placed on top of the surface PC 
grating. After cutting the grating into a 2.2 ×
 
2.2 cm square, the azobenzene-alcohol 
mixture was dispensed into each well with a syringe. Thereafter, a microscope slide (3 ×
 
1 inches) was placed on top of the azo/IPA solution, and the surface PC, the microtiter 
plate, and the microscope glass were combined to form a cavity for the mixture. Since the 
plate also served as a spacer in this device to set the gap between the grating structure and 
the microscope glass, the depth of the azobenzene solution was estimated to be roughly 
equal to that of the microtiter plate well (1 mm). Finally, several drops of epoxy were 
placed around the four edges of the micro-plate to hermetically seal the mixture inside 
and thus complete the fabrication process. A photograph of a representative manufactured 
surface PC GMRF is shown in Figure 3.3.   
 
                    
Figure 3.3  Photograph of the fabricated surface photonic crystal guided-mode resonance 
filter, incorporating the azobenzene solution as the optically tunable material. 
 
Using the replica-molding process outlined above, the desired feature size of 550 
nm with an aspect ratio of ~0.3 was manufactured for the surface PC GMRF, which is far 
below the current resolution and aspect ratio limits (100 nm and 2.0, respectively) of 
replica-molding techniques [14]. 
Upon normal illumination of the fabricated surface PC, only a narrow band of the 
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incident light, centered at ~847.5 nm, is reflected with an efficiency of approximately 
80%. When used as the frequency-selective element of the optically tunable ECL, the 
reflected resonance wavelength of the surface GMRF is controlled through optical 
excitation of the superstrate layer (the azobenzene solution), so that the refractive index 
change induced by optical isomerization of the azobenzene molecule manifests itself in 
altering the lasing wavelength of the ECL. The configuration of the optically tunable 
ECL is described in the following section.                          
 
3.2 Experimental Configuration 
The optically tunable ECL employs a semiconductor optical amplifier (QSOA-
840, QPhotonics) as the gain medium in a ring cavity configuration. The amplified 
spontaneous emission (ASE) generated by the SOA is fiber-coupled to the surface of the 
PC GMRF, which provides selective optical feedback perpendicular to the PC surface 
and then back into the SOA.  
A schematic diagram of the layout of the optically tunable external cavity ring 
laser is presented in Figure 3.4. An 850 nm band semiconductor optical amplifier with 
fiber pigtails on each port is employed to provide the optical gain. The SOA has a center 
wavelength of ~841 nm and a full-width-half-maximum (FWHM) of ~10 nm, as well as a 
saturation output power of 10 mW driven at the maximum operating current of 350 mA. 
The amplified spontaneous emission from the SOA first enters an optical isolator (IO-F-
850APC, Thorlabs), which permits unidirectional movement of optical signals inside the 
ring cavity and thus removes the spatial hole burning effect which will broaden the 
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Figure 3.4  Configuration of the optically tunable ring external cavity laser. 
 
  
emission line-width [15]. Passing through the isolator, the SOA output then travels to 
port 1 of a 2 ×
 
2 fiber optic coupler having a coupling ratio of 50:50 (FC850-40-50-APC, 
Thorlabs). Thereafter, half of the power exits at port 3, passes through a 
polarization controller (FPC020, Thorlabs), which aligns the incident electric field so as 
to be perpendicular to the grating lines of the surface PC GMRF (TM-illumination). An 
aspheric collimator (CFC-2X-B, Thorlabs) having a focusing length of 2 mm and a 
numerical aperture of 0.5 collects the TM-polarized light and normally impinges it at 
normal incidence onto the PC surface. A continuous wave pump beam from a frequency 
doubled Nd:YVO4 laser (λ = 532 nm) illuminates the surface PC at an angle of  30°, 
which excites the superstrate layer of the azobenzene solution and modulates the peak 
reflection resonance of the surface PC, thus controlling the lasing wavelength. The laser 
beam spot size was adjusted spatially to completely overlap with the TM-polarized SOA 
beam, thus providing strong optically controllable wavelength tuning for the external 
cavity ring laser. Subsequently, the frequency-dependent reflected signal from the surface 
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PC re-enters port 3, which is divided equally to exit the fiber coupler from port 2 and port 
1.  The light emerging from port 2 passes through the SOA and is amplified, while light 
exiting from port 1 is blocked by the isolator. It should be mentioned that the coupling 
ratio of 50:50 is chosen for the 2 ×
 
2 fiber optic coupler because it maximizes the optical 
feedback from the surface PC GMRF into the ring cavity. The light emission is picked up 
at port 4 by a single-mode fiber with a core diameter of 11 µm connected to a high-
resolution (50 pm) spectrometer (AQ-6315B, Ando Incorporation) for spectrum 
monitoring and system characterization. The system characterization of the optically 
tunable external cavity ring laser is presented in the next chapter.   
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CHAPTER 4  
EXPERIMENTAL RESULTS: CHARACTERIZATION OF 
OPTICALLY TUNABLE RING LASER  
 
  This chapter describes the characterization of the optically tunable external 
cavity ring laser, in which the lasing wavelength is controlled by a pump laser that excites 
the nonlinear dye azobenzene within a photonic crystal resonance reflector, thereby 
changing the peak reflection wavelength of the PC. Insertion of the dispersive element—
the surface photonic crystal—into the external cavity permits single-mode operation with 
line-widths at or below the resolution of the measuring spectrometer (∆λ = 0.05 nm), and 
provides a convenient approach to selecting and tuning the emission wavelength through 
an external pump laser without the complications associated with variations in 
temperature or driving current of the laser diode [1, 2]. The optical properties of the 
external cavity ring laser were experimentally analyzed and are presented in Section 4.1, 
while the spectral and temporal characterization of the wavelength tunability of the laser 
is investigated in Section 4.2.       
 
4.1 External Cavity Ring Laser: Optical and Electrical Parameters 
The optically tunable external cavity laser described here employs a 
semiconductor optical amplifier (SOA) as the gain medium in a fiber ring configuration, 
and a one-dimensional surface photonic crystal as the dispersive element to provide 
selective optical feedback for the SOA.  In the following discussion, the primary 
characteristics of the external cavity ring laser system—including the gain medium (SOA) 
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spectral profile, coupling efficiency between optical components, laser spectra, and 
output power—will be presented. 
 
4.1.1 Semiconductor optical amplifier characterization                        
The semiconductor optical amplifier (QSOA-840, QPhotonics) provides optical 
gain for the external cavity laser system through stimulated emission generated from 
electron-hole recombination in the active region of the InGaAs/InP gain medium. The 
SOA has a chip length of 1 mm, corresponding to a free spectral range (FSR) of 
approximately 0.1 nm at the center operating wavelength of 841 nm. Both facets of the 
SOA are anti-reflection coated and angled at 10° to the emitting waveguide strip, thus 
reducing the degree of lasing when the SOA is operating by itself. Since variations in 
injection current or temperature can simultaneously cause deviations in the output power 
and chirp of the emission frequency, for stable operation and precise tuning of the 
optically tunable external cavity ring laser, a laser diode controller (LDC-3752, ILX 
Lightwave) was utilized to precisely control the driving current and operating 
temperature, which keeps the SOA at its suggested operating temperature of 25 °C.  
The emission spectrum of the SOA was measured at different bias currents, as 
shown in Figure 4.1. From the figure, it is clear that emission from the SOA has a center 
wavelength around 841 nm, with a full-width-half-maximum (FWHM) of approximately 
14 nm. Increased driving current boosts the free carrier density inside the active region; 
consequently, emission from the SOA also increases accordingly, as shown in Figure 4.1. 
In addition, it is observed that, as the driving current increases, the emission peak 
gradually shifts to shorter wavelengths as a result of band-filling effects and heating of 
 75 
the junction. An expanded view of the SOA emission for a driving current of 180 mA 
around the center wavelength of 841 nm is displayed by the inset of Figure 4.1. As 
illustrated by the inset, equally spaced multiple output wavelengths operate 
simultaneously, due to the inherent broad gain of the SOA. The multimode output peaks 
have an equal separation of 0.1 nm generated by the Fabry-Perot cavity formed in the 
SOA chip, which matches the calculated FSR based on the chip length of 1 mm. The 
percentage of the emission ripple relative to the emission peak has a value of 3.2% at a 
bias current of 90 mA, and reaches 12.6% at a bias current of 180 mA, while the mode 
spacing remains the same under different bias currents. The increase of the ripple 
percentage is the result of increased stimulated emission per round trip of the Fabry-Perot 
cavity, which enhances the mode intensities under the increased bias current.        
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Figure 4.1  Measured SOA emission spectrum at different biasing currents. The black 
arrow indicates the slight red-shift of the emission peak at increased bias current. 
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The total output power of the SOA, in relation to the biasing current, was also 
measured using the optical spectrum analyzer (OSA) (AQ-6315B, Ando Incorporation), 
and the results are summarized in Figure 4.2. By extrapolating the above-threshold data 
to zero output power, indicated by the sloped line, a clear threshold of ~118 mA is 
observed, and above the threshold, the total output power increases linearly with the 
driving current at a rate of 18.6 mW/A. Assuming the voltage across the SOA is 2 V 
(based on the SOA data sheet), the SOA has a slope efficiency of 0.93%.  
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Figure 4.2  Total output power versus driving current of the semiconductor optical 
amplifier. 
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4.1.2 Coupling efficiency measurements    
As shown in Figure 3.4, the optically tunable laser is composed of a 
semiconductor optical amplifier (SOA), an optical isolator, a 2 × 2 fiber coupler, a 
polarization controller, and a wavelength-selective element—the surface PC GMRF. 
Except for the surface PC GMRF, all other optical elements in the ECL system have 
single-mode fiber pigtail connections at each port with a core diameter of 11 µm. The 
fibers are terminated with APC ferrules and are coupled via butt connections with fiber 
matching sleeves (ADAFC3, Thorlabs), which brings the cores of the connected fiber 
ends into contact with each other to minimize back reflections and ensures proper 
alignment of each fiber core. In this way, the SOA and most of the components are fiber- 
coupled. Light is coupled to the surface PC through a collimator to impinge at normal 
incidence onto the PC surface, and the optical signal reflected perpendicular to the PC 
surface is fiber-coupled back into the SOA to complete the ring configuration. Compared 
to the commonly used optical interconnection pathway of free space coupling, this fiber- 
coupling system greatly simplifies system assembly and permits the integration of 
components and rapid reconfigurability in a compact system. 
 Since lasing occurs when the round trip gain experienced by the stimulated 
emission exceeds the round trip loss, the total loop loss induced by every optical element 
should be maintained within an acceptable level. Therefore, the calculation of coupling 
efficiency from component to component is an essential process in the design and 
characterization of a laser system. For our external cavity laser, the coupling efficiency is 
measured by recording the optical signal at the input port and at the output port of each 
optical element, respectively, under a bias current of 90 mA, as shown in Figure 4.3.  The 
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equally spaced ripples in the reflection spectrum of the surface photonic crystal are a 
product of the Fabry-Perot cavity formed by the PET substrate of the photonic crystal, 
and can be eliminated by an AR coating or roughening the back side of the PET substrate. 
The mode spacing of 1 nm matches the free spectral range corresponding to the substrate 
thickness of 0.25 mm, at the resonance wavelength of the surface photonic crystal of 
848.5 nm.     
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Figure 4.3  Optical spectrum for coupling efficiency measurement of each optical 
component under a bias current of 90 mA. 
 
 
  From the optical spectrum in Figure 4.3, the input and output power of every 
optical element are integrated and the corresponding coupling efficiency is calculated, as 
summarized in Table 4.1. From these data, it is clear that the optical isolator, the fiber 
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Table 4.1  Calculated coupling efficiency of optical components used in the ring laser. 
The coupling efficiency and the loss for each optical component is determined by  
connecting optical components in series and measuring the optical power (Ptot) at the 
output port of the subsequent added optical component. 
 
 
 
 
 
 
coupler, the polarizer, and the surface PC induce optical losses of 1.4 dB, 3.7 dB, 2.3 dB, 
and 3.2 dB, respectively. The corresponding round trip loss of the external ring cavity is 
   16.7 dBISO Coupler Polarizer PC Polarizer CouplerL L L L L L+ + + + + = . (4.1)  
Once the SOA current is sufficiently large that the emission gain reaches 16.7 dB (the 
typical gain of a QSOA-840 SOA is specified by QPhotonics as 20 dB), the round trip 
gain surpasses the round trip loss and lasing occurs at the resonance wavelength of the 
surface PC GMRF. 
Although, according to the simulation of Section 2.1.1, the surface PC GMRF 
should have a diffraction efficiency of 100% at its resonance wavelength, in practice 
surface photonic crystals generally do not achieve this performance due to several factors,  
including optical absorption from the surface PC components (such as the plastic 
substrate, the UV curable polymer, and the dielectric layer of TiO2), slight deviations of 
the device periodicity and duty cycle during fabrication, and grating line defects and 
particle accumulation over the illuminated surface photonic crystal area. Another factor is 
imperfect alignment of the surface PC GMRF to the single-mode fiber output caused by 
Optical Element Ptot (µW) Coupling Efficiency (%) Loss (dB)
SOA 31.98 ─ ─
Optical Isolator 23.02 71.98 1.43
2 × 2 Fiber Coupler 9.786 42.51 3.72
Polarizeration Controller 5.718 58.43 2.33
Photonic Crystal 2.756 48.20 3.17
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mode mismatch, transverse position offset, and angular offset affect coupling efficiency. 
In our experiments, the surface PC GMRF had a coupling efficiency of 45% ~ 55% under 
illumination at normal incidence of single-mode light input, which could be improved by 
further advances in the device structure, the fabrication procedure, and collimator 
alignment.   
 
4.1.3 Laser emission spectra 
  The optical spectrum analyzer with a resolution of 0.05 nm was used to analyze 
the spectral output of the external cavity ring laser. Representative spectra of the ECL 
emission at different driving currents, with no wavelength tuning pump beam impinging 
on the surface photonic crystal, are presented in Figure 4.4.  As the bias current increases, 
the stimulated emission also rises as a result of the increased population inversion 
percentage, thus leading to higher output peak power. At an SOA driving current of 160 
mA, the ECL output below threshold is broad ( λ∆  = 8.17 nm). Due to the insufficient 
gain provided by the SOA at this current, the peak wavelength does not follow the 
resonance wavelength of the surface photonic crystal. Instead, the primary peak falls at 
the maximum wavelength of the SOA output at 841.3 nm. As the driving current 
increases above the threshold, a smooth single wavelength spectrum is generated centered 
at the resonance wavelength of the surface photonic crystal, with a full-width-half-
maximum dropping quickly to 0.28 nm, as shown in Figure 4.4. At a bias current of 200 
mA, the output peak power of the ECL reaches 25 µW, four times that of the SOA alone, 
due to the suppression of the competing modes by the surface photonic crystal. Just 
above threshold at a bias current of 187 mA, the side-mode-suppression ratio (SMSR) has  
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Figure 4.4  Laser emission spectrum of the optically tunable external cavity laser at 
different SOA driving currents (Is). The inset is the zoomed-in emission spectrum at the 
lasing peak. 
 
 
a value of 9.0 dB, and reaches the value of 21.7 dB at a bias current of 200 mA. Although 
increasing the bias current results in a red-shift of the dominant wavelength of the SOA 
emission as shown in Figure 4.1, stable single-mode output at the resonance wavelength 
of the surface photonic crystal under different bias currents underscores the stability of 
the composite external ring cavity, and demonstrates that the ECL wavelength is 
determined by the Bragg wavelength of the surface photonic crystal.  
The extraction efficiency of the ECL is also calculated by taking the ratio of the 
area under the lasing peak versus the total area of the spectrum, and the result is 
presented in Figure 4.5. Just above threshold at a bias current of 187 mA, the ECL has an 
extraction efficiency of 15%, and reaches the value of 33% at a bias current of 204 mA. 
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Figure 4.5  Calculated laser extraction efficiency as a function of bias current.  
 
The amplified spontaneous emission spectrum of the SOA, the reflection 
spectrum of surface photonic crystal filter, and the emission spectrum of the external 
cavity laser at an SOA driving current of 190 mA are superimposed in Figure 4.6. The 
surface PC has a resonance wavelength of 848.27 nm with a 3 dB bandwidth of 1.65 nm, 
which is close to the simulation result using RCWA as shown in Figure 2.4. The presence 
of the surface PC has a significant effect on the spectral output of the external cavity ring 
laser. It suppresses the competing modes, and allows single-mode emission with a much 
stronger peak power. Due to locking of the traveling modes inside the ring cavity by the 
surface PC, the ECL exhibits a stable single-wavelength oscillation exactly (to within 
experimental error) at the Bragg wavelength of the surface photonic crystal (848.27 nm), 
with an emission line-width of 0.28 nm.  
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Figure 4.6. Overlaid PC resonant reflection spectrum, ECL laser single-mode emission 
spectrum, and the SOA gain spectrum, at a driven current of 190 mA (with no external 
tuning illumination). 
 
 
The spectral output from the ECL, and the spectral behavior of the external cavity 
laser without the surface PC crystal, under a driven current of 200 mA, is shown in 
Figure 4.7. In this case, the external cavity laser is a free-running laser without any 
wavelength-selective element in the ring cavity, and the system configuration is presented 
by the inset of Figure 4.7. As can be seen from the figure, instead of single-mode 
emission output, this free-running laser has a center wavelength near 844.8 nm and runs 
multimode. The absence of the surface photonic crystal results in multi-wavelength 
operation and, thus, the sharing of energy between modes and an overall drop in peak 
power. As shown in Figure 4.7, the peak power of the free-running laser is less than half 
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of that of the ECL with the surface photonic crystal. However, the free-running laser has 
a total output of 0.85 mW, or roughly 1.7 times that of the ECL, due to the larger round 
trip loss induced by the optical components such as the 2 ×  2 fiber coupler and the 
polarization controller utilized in the ECL with surface photonic crystal. The multimode 
output has an equal spacing of 0.1 nm, which corresponds to the Fabry-Perot mode 
formed by the 1 mm thick SOA chip.     
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Figure 4.7  Spectral comparison of the optically tunable external cavity laser and the free-
running fiber ring laser with its configuration indicated in the inset, both having a bias 
current of 200 mA. 
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4.1.4 Output power investigation 
The output power of the external cavity laser as a function of the SOA bias 
current was also investigated and is presented in Figure 4.8. Compared to the power 
output versus current of the solitary SOA as shown in Figure 4.2, the ECL with the 
wavelength-selective element—the surface PC—has a threshold at a higher current of 
186.7 mA, whereas the SOA itself achieves oscillation at 118.2 mA. This result arises 
because, without the surface PC, emission at the dominant wavelength of the SOA gain 
spectrum (841.3 nm) quickly rises and lasing starts once the amplified spontaneous 
emission (ASE) level rises above threshold. On the other hand, the lasing wavelength of 
the ECL with the surface grating is determined by the resonance wavelength of the 
surface PC. In addition to coupling losses introduced by optical components in the ECL,  
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Figure 4.8  Output power of the ECL as a function of the injected bias current. 
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the SOA has a lower small signal gain at this resonance as compared to the dominant 
wavelength of the SOA and, thus, has a higher lasing threshold. However, the surface PC 
GMRF only reflects stimulated emission within the resonance reflection band, resulting 
in the enhanced energy extraction on the resonance mode and a power increase at the 
lasing wavelength. Above threshold, as the bias current increases, the total power of the 
ECL linearly increases with a slope efficiency of 34.2 mW/A at 25 °C, which is almost 
twice the slope efficiency of the solitary SOA and is the result of side-mode suppression 
from the surface photonic crystal.  
In this ECL, adjustment of the lasing wavelength is achieved independently 
through external optical illumination of the surface photonic crystal, which changes the 
refractive index of the superstrate layer of the azobenzene solution, thus establishing a 
new Bragg condition and tuning the lasing wavelength of the ECL.    
 
4.2 Optical Tunability   
For the tunability experiments, external optical powers up to 260 mW were 
available, thereby enabling the ring laser to be tuned over a 6 nm range. As shown in the 
system configuration in Figure 3.4, a pump beam from a frequency-doubled Nd:YVO4 
laser ( λ  = 532 nm) was used to tune the ECL, which induces photo-isomerization from 
trans→cis conformation of the azobenzene molecule within the surface photonic crystal.  
 
 4.2.1 Tunability measurements 
The ECL generates single-mode, continuous laser emission, whose tunability is 
illustrated in Figure 4.9. Stable single-mode operation at a series of wavelengths was 
produced for different fluences of the pump beam. As shown in Figure 4.9, by varying 
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the operating power of the pump beam from 0 to 260 mW, a shift in the operating 
wavelength of the ECL from λ = 848.6 to 842.5 nm was observed. The corresponding 
FWHM of each peak was observed to change from 0.28 to 0.05 nm, where the lower 
limit is set by the resolution of the spectrometer ( λ∆  = 0.05 nm). The emission line-
width narrowing at smaller wavelengths is due to the increase of the emission gain of the 
SOA at those wavelengths, which has a dominant emission at 841.32 nm. All spectra in 
Figure 4.9 were taken under a bias current of 190 mA, and similar tunability was 
achieved at other bias currents.  
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Figure 4.9  Measured lasing spectrum of the optically tunable external cavity laser as a  
function of pump laser power. 
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The extraction efficiency at each peak wavelength shown in Figure 4.9 is also 
calculated and presented in Figure 4.10, where the bottom axis denotes the corresponding 
lasing wavelength in nanometers, and the left axis indicates the calculated extraction 
efficiency in percentage. From Figure 4.10, it is clear that the extraction efficiency has a 
value of 31.2% when the lasing wavelength is 848.5 nm when there is no laser 
illumination, and approaches 100% (96.7%) at the lasing wavelength of 842.4 nm under 
260 mW of illumination. The increase of the extraction efficiency at smaller lasing 
wavelengths is a result of the increased emission gain of the SOA at those wavelengths, 
which has a peak emission at 841.3 nm. 
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Figure 4.10  Calculated extraction efficiency versus wavelength tuning pump power (the 
top axis) and the laser wavelength (the bottom axis). 
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The measured emission peak wavelength shift as a function of the pump laser 
power is plotted in Figure 4.11, and a numerical model of the sensitivity of the lasing 
wavelength to the pump laser power has been developed based upon the data. Least-
squares fitting of a third-order polynomial to data of Fig 4.9 yields the following relation 
in which the peak wavelength shift (∆λ) is in units of picometers and the pump laser 
power (P) is in units of milliwatts:  
 
3 20.3062 1.331 2.713 2.504P P Pλ∆ = − + − −  (4.2) 
   
 
 
Figure 4.11  Dependence of the peak wavelength shift on the power incident on the 
photonic crystal. The red curve is the best-fit of a third-order polynomial with 2R = 1. 
 
 
Based on the sensitivity model (developed in Section 2.2.1) of the resonance 
wavelength of the surface PC in relation to refractive index changes 
 
3 2PWV 129.71 315.12 288.34 718.87n n n= − + +  (4.3) 
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the refractive index of the azobenzene solution corresponding to each emission peak 
wavelength shown in Figure 4.9 has been computed. In Figure 4.12, the refractive index 
change as a function of the incident power is presented. As can be seen from Figure 4.12, 
the changes in the refractive index of the equilibrium azobenzene solution vary nearly 
linearly with the intensity of the pump laser beam over this range of 0 to 260 mW, and 
reaches a value of  ∆n = 0.047 under 260 mW illumination. The linear dependence of the 
refractive index on the pump laser power is due to the fact that the fraction of the 
azobenzene molecules in the excited cis state is proportional to the illumination intensity. 
    
 
            
 
Figure 4.12  Equilibrium azobenzene solution refractive index change under optical 
illumination at different pump powers, as determined from the measured lasing peak in 
Figure 4.9, together with the resonance wavelength dependence on the refractive index 
described by Equation 2.4. 
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4.2.2 Temporal response  
To investigate the dynamic performance of the ECL, the peak emission 
wavelength as a function of time at a pump beam power of 180 mW was recorded. A 
spectrometer (USB2000, OceanOptics) having a resolution of 0.05 nm was used to 
monitor the laser emission, and a self-written computer program was utilized to record 
the emission peak dynamically, as presented in Figure 4.13. TE-polarized laser light (i.e., 
the electric field vector is oriented parallel to the GMRF grating lines) from a Nd:YVO4 
laser was used as the pump beam, although the laser polarization has no effect on the 
tuning behavior of the external cavity ring laser, because the azobenzene solution 
incorporated into the surface photonic crystal does not preserve molecular orientation [3, 
4]. In other words, only photo-induced excitation from the lower energy trans state to the 
cis state occurs in the azobenzene-solvent solution and accounts for the refractive index 
change, rather than photon-induced birefringence.        
Pump laser illumination was initiated at an elapsed time of 10 seconds and was 
terminated at 135 seconds, as indicated by the red arrows in Figure 4.13. Upon initiation 
of the pump illumination, the azobenzene molecules absorb the photon energy and are 
excited from the lower energy trans state to the cis state. This causes a net decrease in the 
bulk refractive index of the azobenzene solution, thus leading to a blue-shift of the 
resonance wavelength of the surface photonic crystal, which in turn causes a blue-shift of 
the emission wavelength of the external cavity ring laser. In the first 10 seconds after the 
onset of the optical illumination, the transition of the peak wavelength down-shift is quite 
steep. However, after an additional 10 seconds, the transition rate of the peak wavelength 
shift slows, and the blue-shift of the laser wavelength (λ) apperas to be saturated. Our 
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Figure 4.13  Measured lasing wavelength as a function of time for an incident pump laser 
beam power of 180 mW. TE-polarized laser illumination was initiated at an elapsed time 
of 10 seconds and was terminated at 135 seconds.   
 
understanding of this is that, at the beginning of optical excitation, the azobenzene 
molecules are in the thermally-stable trans state, the transition rate of the trans→cis 
transformation for a given pump laser fluence is at its maximum, and the time rate of 
change of the lasing wavelength is at its greatest value. As more azobenzene molecules 
are excited into the cis state, the number of available trans-azobenzene molecules that 
can take part in the transformation is reduced, thus reducing the transition rate and the 
slope of the lasing wavelength shift with respect to time. Meanwhile, heating of the 
surface photonic crystal by the pump beam accelerates thermal relaxation of azobenzene 
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molecules from the cis to trans configuration, which slightly counteracts the tendency 
toward a smaller wavelength of the emission peak and results in a steady state 
wavelength that is a function of the pump laser fluence. The maximum lasing wavelength 
tuning range was achieved 120 seconds after the initiation of the pump illumination.  
Upon the termination of the external illumination (at 135 seconds as indicated by 
the red arrow in Figure 4.13), the cis-azobenzene molecules relax back to the stable 
trans-azobenzene state through a thermally-activated channel [3], which increases the 
refractive index of the azobenzene solution to its original value, thus red-shifting the 
emission wavelength of the external cavity ring laser back to its initial value 20 seconds 
after the optical excitation was extinguished. The recovery of the emission wavelength to 
its original value after the cessation of the optical excitation shows that there is no 
appreciable photo-induced birefringence, and the refractive index change is caused by 
photon-excitation of trans-cis transition. Based on the molecular angular redistribution 
over repeated photon-isomerization cycles, the photo-induced birefringence generates a 
statistically significant fraction of the azobenzene molecules aligned perpendicular to the 
incident light direction [5, 6]. This orientation distribution of the azobenzene molecule 
results in a net increase of the optical density along the direction perpendicular to the 
incident electric field vector, and a net decrease of the optical density along the 
polarization direction of the incident light, which cannot automatically recover to the 
original molecular distribution unless undergoing randomization of the molecular 
alignment with circularly polarized light or heat [7]. So, it is certain that the blue-shift of 
the emission wavelength of the external cavity ring laser is induced by the photon-
excitation of the azobenzene solution. This is consistent with the non-reservation property 
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of molecular alignment of the low-viscosity solution (such as the azobenzene-isopropyl 
alcohol solution in our case), in which small molecules are observed to diffuse 
rotationally on a timescale of picoseconds [4].     
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CHAPTER 5  
OUTLOOK AND CONCLUSIONS 
 
5.1 Future Investigations 
Our goal has been to develop an optically tunable external cavity ring laser, which 
represents a departure from the conventional external cavity laser in the sense that it 
requires no mechanically movable parts and is all-optical, a feature of particular value for 
building integrated optical systems and future photonic circuits. Toward this end, several 
improvements and optimizations to the current ECL system are under investigation and 
are presented in this chapter.  
 
5.1.1 Configuration optimization   
The current external cavity ring laser system is composed of a semiconductor 
optical amplifier, an optical isolator, a 2 ×  2 fiber coupler having a coupling ratio of 
50:50, a polarization controller, and the surface photonic crystal, as shown in Figure 5.1 
(a). This external cavity ring laser has a lasing threshold of 186 mA, and the total round 
trip loss for this system was calculated in Section 4.1.2 to be 16.7 dB. Employing the 
2 ×  2 fiber coupler induces a loss of 7.44 dB to the system, and it allows optical signals 
to travel from port to port in both directions. To reduce the threshold and size of the 
external cavity laser system, we propose using a 3-port optical circulator to replace the  
2 ×  2 fiber coupler. An optical circulator is a non-reciprocal device that directs light from 
port to port in only one direction while minimizing back reflections and back scattering in 
the reverse directions (i.e., a signal entering port 1 exits at port 2, while a signal entering
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Figure 5.1  Configuration of the current optically tunable external cavity ring laser using 
a fiber coupler (a) and the proposed ECL using a optical circulator (b). 
 
port 2 exits at port 3, all with minimal loss). Due to their high isolation and low insertion 
loss, optical circulators have been widely used in advanced communication systems in 
roles such as add-drop multiplexors, bi-directional pumping, and fiber sensors. In 
addition, since the optical circulator only allows optical signals to travel in one direction 
and can be fabricated to maintain the polarization of optical signals passing through it, 
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the requirements for the optical isolator and polarization controller in the ring cavity are 
eliminated, which in turn reduces both the round trip loss and the size of the system.      
The proposed ECL system utilizing an optical circulator is shown in Figure 5.1 
(b), together with the current ECL system using a fiber coupler (Figure 5.1 (a)). The 
stimulated emission generated by electron-hole recombination in the SOA enters port 1 of 
the optical circulator, which then travels to port 2 and is reflected back by the surface 
photonic crystal. Subsequently, the reflected optical signal reenters port 2 and exits at 
port 3, which passes through the SOA to complete a round trip of the ring configuration. 
Due to the uni-directionality and polarization-maintaining characteristics of the optical 
signals propagating through the optical circulator, the need for the optical isolator and 
polarization controller is eliminated. The proposed ECL system configuration employs 
fewer optical elements, has less loss per round trip, and is much more compact. The total 
round trip loss of the proposed external cavity laser can be calculated using the coupling 
efficiency of each optical element in the system: 
 1 dB 3.2 dB 1 dB 5.2 dBCirculator PC CirculatorL L L+ + = + + =  (5.1) 
which is more than 10 dB less than that of the current external cavity ring laser, as shown 
in Equation 4.1.                                
                      
 
5.1.2 Emission line-width reduction 
To further reduce the emission line-width of the ECL and improve the side-mode-
suppression ratio, an étalon can be added to the current ECL. An étalon is generally 
composed of two reflecting plates. Due to interferences from the multiple reflections of 
light between the two reflecting surfaces, the transmission profile of the étalon varies 
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periodically with optical frequency. Integration of an étalon into the laser cavity, 
combined with other dispersive elements to select a specific wavelength of interest, has 
been widely used [1-3]. Similarly, we propose the incorporation of an étalon into our 
current ECL to narrowband the laser output, which would be of particular value for 
spectroscopy. 
A schematic of the wavelength-selective principle for the proposed ECL with an 
étalon is illustrated in Figure 5.2. Both the transmission mode of the étalon and the 
reflection mode of the surface photonic crystal combine to select the lasing wavelength. It 
is the effective gain profile (Figure 5.2 (d))—the product of the gain profile of the 
semiconductor optical amplifier (Figure 5.2 (a)), the optical feedback from the surface PC 
(Figure 5.2 (b)), and the transmitted optical signal from the étalon (Figure 5.2 (c))—that 
will determine the lasing wavelength and the line-shape. The étalon acts as a periodic 
filter, of which the transmission peaks are in general pre-aligned with the desired lasing 
wavelength [1] (the Bragg wavelength of the surface PC for our system), thereby 
providing a wavelength reference for the lasing emission of interest. The frequency-
dependent reflection from the surface photonic crystal suppresses the neighboring cavity 
modes from the lasing peak, while the étalon further restricts the adjacent cavity modes 
of the lasing peak. The incorporation of the étalon assists in side-mode suppression, and 
improves the wavelength-selectivity of optical signals inside the external cavity, thus 
generating superior lasing characteristics with narrow lasing line-width, large side-mode 
suppression, and stable operation.  
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Figure 5.2 Schematic of the wavelength-selective principle for the proposed ECL with an 
étalon. 
 
5.2 Conclusions 
The work of this dissertation contributes to the development of a mechanically-
free, fully-integratable, and all-optically tunable system, with an inexpensive fabrication 
process of the frequency-selective element (the surface PC) that is scalable over surface 
areas as large as 10 × 10 cm square and is compatible with low-cost fabrication materials. 
The design, fabrication, and characterization of the optically tunable external cavity ring                                  
laser have been presented. The optically tunable external cavity laser utilizes a 
semiconductor optical amplifier as the gain medium in a ring cavity configuration, and a 
 100 
surface photonic crystal as the wavelength-selective element to provide selective optical 
feedback. The surface photonic crystal was fabricated using a replica-molding technique, 
which allows for the production of submicron period gratings on continuous sheets of 
flexible plastic film at low cost. The ECL exhibits stable single-mode emission at the 
Bragg wavelength of the surface photonic crystal and has a spectral line-width as narrow 
as the detection capabilities of the measuring spectrometer (0.05 nm). The lasing 
threshold of the ECL is around 187 mA, with an output power of 500 µW and a side-
mode-suppression ratio of 21.78 dB at a bias current of 200 mA at 25 °C. Under external 
optical illumination from a continuous Nd:YVO4 laser, the ECL is tunable continuously 
over the 848 to 842 nm wavelength range. The emission peak shift occurs on a timescale 
of minutes and is totally reversible after termination of the external cavity laser.  
 Future work involves improving the lasing performance by reducing the emission 
line-width and increasing the side-mode-suppression ratio, which could be realized 
through insertion of an étalon into the current system. In addition, to lower the lasing 
threshold, a 3-port circulator could be utilized to replace the 2 ×  2 fiber coupler, which 
would reduce the round trip loss by at least 10 dB. Moreover, for the spectral detection 
setup, the spectrum line-width measurement is limited by the resolution of the 
spectrometer. For more accurate bandwidth detection, a higher-resolution spectrometer or 
a Michelson interferometer has been considered. Except for the surface photonic crystal, 
all optical elements of the external cavity ring laser are single-mode fiber-coupled, and 
the entire ECL system can be inclosed by a small box. Due to the inexpensive and high 
throughput fabrication of the surface photonic crystal (based on replica-molding 
techniques), the accurate and easy approach to wavelength tuning afforded by this design, 
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and the compact size of the laser combined with its ability to interface with fiber 
networks, this optically tunable external cavity laser is expected to contribute to 
applications in atomic physics, optical communication networks, biosensors, and 
photonic circuits. 
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APPENDIX  
MICRORESONATOR LASERS INCORPORATING BRAGG 
GRATINGS AND DYE-DOPED POLYMERS 
  
Solid state organic dye lasers have attracted intense interest over the past decade 
due to their ability to exploit the relative ease of new resonator designs and ease of 
fabrication over large surface areas [1, 2]. Although previous researchers have already 
demonstrated the successful application of many typical optical resonators such as Fabry-
Perot cavities [3], thin-film ring resonators [4], and distributed feedback (DFB) gratings 
[1, 5] in solid state dye lasers, few of them have investigated the combination of multi-
resonators on the same device. In this appendix, the design, fabrication, and 
characterization of a solid state dye laser employing a combined structure composed of 
both a distributed feedback grating and an optical resonator in the form of a square, ring, 
defect ring, or ring array are presented. Replica-molding and spin-coating techniques 
were used for fabrication, which allow accurate and inexpensive realization of any 
designed mode feedback grating structure over large surface areas.      
 
A.1 Introduction 
       Since the first demonstration of lasing action in distributed feedback (DFB) 
structures by Kogelnik in 1971 [6, 7], DFB lasers have attracted considerable attention 
and have been intensively investigated. A DFB laser is a type of laser that utilizes the 
DFB grating to provide optical feedback for the laser cavity, where the DFB grating 
comprises a periodic variation of either refractive index, gain coefficient, or guide 
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thickness. As already mentioned in Chapter 2, the physical mechanism of the DFB 
grating is based on interference of light scattered from the periodic material refractive 
index modulation [7-9]. Photons within the DFB grating experienced periodic dielectric 
variations, and constructive interference from in-plane zeroth-order diffraction results in 
a strengthened localized electric field, the resonance mode, while some of the stimulated 
emission is vertically coupled out by the first-order diffraction. The resonance 
wavelength is determined by the grating geometry and is described by the Bragg 
condition: 
 2 effnλ = Λ  (A.1) 
where λ is the reflected wavelength (also called the Bragg wavelength), effn  is the 
effective refractive index of the DFB grating, and Λ  denotes the grating periodicity. The 
vertical coupling property of DFB structures greatly facilities the excitation of the 
resonance mode and the extraction of the output radiation. In addition, DFB structures 
can be designed to provide stable single-mode output, broad wavelength tuning ability, 
and narrow emission line-width  (below 10 MHz) for any desired wavelength from 
ultraviolet to infrared [10-12].  Due to their unique ability to control and manipulate the 
propagation of light, DFB gratings have found wide applications in biodetection, optical 
filters, and laser cavities. The DFB period should be on the order of the wavelength of 
interest, as described by Equation A.1. Conventional fabrication procedures that define 
submicron periodic features, such as e-beam lithography and laser ablation, are inherently 
limited by the processing complexity, high fabrication cost, and low throughput, but 
recent advances in nano-imprinting and thin-film techniques greatly simplify the 
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production of submicron structures. High throughput replication of DFB gratings can 
now be manufactured at very low cost using replica-molding processes.       
       To form a laser, both an optical cavity that provides optical feedback and an 
active material that produces stimulated emission are necessary. For the first element, the 
DFB grating is employed in this microresonator laser to form the laser cavity. For the 
second element, semiconductors are among the most commonly used gain medium, due 
to their unique characteristics of high efficiency, broad range of achievable emission 
wavelengths, and long lifetime. State-of-the-art solid state organic lasers are easily 
incorporated into optical resonators due to inexpensive fabrication techniques, such as 
spin-coating or ink-jet printing techniques, and high signal gain property over a broad 
range of wavelengths throughout the near UV, visible, and near infrared [13-15]. An 
additional advantage is that solid state organic lasers can be fabricated upon inexpensive 
lightweight substrates, such as glass or plastic, and can be incorporated into curvilinear 
surfaces with ease. Since the pioneer work of Soffer et al. in 1967 [16], solid state 
organic lasers have been widely used in optical communications, video displays, and 
biosensors [17-19].  
       In this work, the solid state dye laser gain medium is composed of photoresist SU-
8 impregnated with the organic dye Rhodamine 590 (Rd590), and the distributed 
feedback grating is fabricated in UV-curable polymer as the optical resonator. The design, 
fabrication, and characterization of the solid state dye laser are described in the following 
sections.  
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A.2 Device Design, Fabrication, and Experiment Setup  
Resonator design has an important influence on the optical characteristics of 
integrated photonic devices and systems. We have built a visible microlaser comprised of 
a dye-doped polymer microresonator integrated with a distributed feedback grating for 
evaluation of combined resonator designs. Microresonators in the form of a 425 µm 
square, a 150 to 600 µm diameter ring (annulus), or variants of the ring structure 
(including a defect ring with pi /2 segments removed), and coupled and uncoupled ring 
arrays have been examined with respect to their optical characteristics.   
A cross-sectional diagram (not to scale) of the general dye laser structure is 
shown in Figure A.1 (a). The substrate (green) is a flexible and transparent polyethylene 
terephthalate (PET) film, which facilitates imaging of the laser emission. The distributed 
feedback grating (blue) is formed by replica-molding in a layer of low refractive index (n 
= 1.39) ultraviolet-curable polymer (UVCP), and has a modulation depth of 40 nm 
designed so as to provide single-mode radiation. The corrugated UVCP layer serves as 
the cladding layer to keep coupled light within the adjacent high refractive index dye-
doped active region and to couple out the generated laser mode into vertically emitted 
radiation by first-order diffraction [1, 5, 6]. Following the distributed feedback structure 
fabrication, a high refractive index layer in the form of the SU-8 host doped with Rd590 
dye (10.0% by weight) was subsequently spun on and lithographically patterned to the 
desired resonator configuration. The active layer having a refractive index of 1.58 
provides both vertical light confinement along the planar waveguide structure and light 
amplification of the cavity oscillation mode. An expanded cross-sectional view of a 
portion of the gain medium/grating structure is shown in Figure A.1 (b). The fabricated    
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Figure A.1  (a) Cross-sectional diagram of the microlaser structure for a single, dye-
doped ring microresonator having a mean thickness of 80 nm.  The refractive index of 
each region, as well as several critical dimensions, are indicated. (b) Detailed cross-
section of the gain medium/grating structure. 
 
 
microlaser was inspected with an atomic force microscope (AFM), as shown in Figure 
A.2, where one edge of the microresonator in the form of dye/SU-8 polymer is 
highlighted. From Figure A.2, it is clear that the grating periodicity was consistently 
reproducible to within ± 1%.     
A schematic diagram of the experiment setup is shown in Figure A.3. 532-nm 
pulses with 7 ns pulse duration at 10 Hz repetition rate from a frequency doubled, active 
Q-switched Nd:YAG laser were used as the pump source. The dye laser sample was 
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Figure A.2  Atomic force microscope (AFM) scan of a portion of a 425 µm square 
dye/SU-8 polymer gain layer fabricated on an underlying replica-molded grating with  
Λ = 410 nm. 
 
transversely pumped by focusing the incident beam onto the front surface through a 
microscope objective (f = 9 mm), and light emitted from the dye laser sample was picked 
up normal to the PET substrate by an optical fiber having a core diameter of 200 m 
connected to the high-resolution ( λ∆  = 0.05 nm) spectrometer (HR-4000, Ocean Optics). 
A pellicle was placed behind the Nd:YAG laser to facilitate the pumping energy 
monitoring, which deflects 40% of the incident beam into a pyroelectric energy detector.  
 
Nd:Yag Spectrometer
Microlaser
Energy meter
Pellicle
Collimator
 
Figure A.3  Schematic diagram of the experiment setup. 
 108 
A.3 Dye Laser Characterization  
 Different microresonator geometries have been investigated and characterized. 
Initial studies involved a 425 µm square microresonator, with a mean thickness of 80 
± 20 nm. Subsequent work focused on the ring resonators having diameters of 150 to 600 
µm, with a width of 25 µm. The purpose of these studies was to investigate the optical 
characteristics of the ring oscillator and three of its variant resonators: (1) a “defect ring” 
composed of a 600 µm diameter ring having a width of 25 µm with a pi /2 section 
removed, (2) a 10 ×  10 coupled ring array consisting of rings having a diameter and 
width of 150 µm and 25 µm, respectively, with a ring pitch (center to center spacing) of 
125 µm such that each ring resonator is in physical contact with its neighbors, and (3) a 5 
×  5 uncoupled ring array constituted by 300 µm diameter rings which are arranged with 
310 µm ring pitch (i.e., rings do not overlap).         
 
A.3.1 Square resonators 
The emission spectrum generated from the microlaser with 425 µm square 
microresonators was measured, which exhibited stable multimode emission. Although 
considerable care was taken during the fabrication to strictly control the composition and 
geometry of the microlaser, due to the slight changes of thickness (~10 nm) in the spin-
coating step for depositing the active medium onto the UVCP layer, variations in both the 
peak wavelength and the mode structure were observed. In order to investigate the 
fluctuations, a series of 15 dye laser chips having a 425 µm square active region was 
fabricated as part of the same batch and tested. The measured dominant peak varies from 
570.8 to 579.4 nm, and the histogram of the strongest emission peak is presented in 
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Figure A.4. A Gaussian function having a central wavelength of 575.5 nm and a FWHM 
of 2.2 nm best describes the distribution of the dominant peak wavelength, as indicated 
by the black curve in Figure A.4. As described by Equation A.1, the resonance 
wavelength of the DFB structure is proportional to the grating periodicity and the 
effective refractive index of the resonant mode. The effective refractive index of the 
microresonator is determined by the refractive index of the UVCP layer, the active 
microresonator layer, the surrounding material, and the thickness of the active waveguide 
layer. As a result, the thickness variation of the active layer induced in the spin-coating 
step results in spatial variations in the effective refractive index of the microresonator, 
thus, accounting for the peak laser wavelength shifts shown in Figure A.4. 
     
Figure A.4  Histogram of strongest peak wavelength of 15 microlasers with 
microresonators in the form of a 425 µm square. The black curve is a least-squares fit of 
the Gaussian function, with R2 = 1. 
 
 110 
In addition to the peak laser wavelength variation, fluctuations in the emission 
profile from chip to chip were also observed. However, virtually all chips in this batch 
displayed a multimode structure, as illustrated by the representative laser spectra at pump 
fluences of 0.54 mJ/cm2 (solid circles: ●) and 0.74 mJ/cm2 (open circles: ○) in Figure A.5. 
Each of the spectra shown in Figure A.5 exhibits maximum emission in the 575 to 576.5 
nm range, with the periodic structure extending toward the blue. Based on the 
measurement of the spectral interval ( λ∆ ) between adjacent secondary emission peaks of 
all the 15 square microresonator lasers, a mean value of λ∆  = 0.17 ± 0.09 nm was 
calculated where the uncertainty represents one standard deviation in the measurement. 
The mean spectral spacing of 0.17 ± 0.09 nm is consistent with the longitudinal free   
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Figure A.5  Emission spectra for three microlasers, each having a square microresonator 
with an active area of 425 × 425 µm.  Solid circles (●) denote spectra recorded for a 
pump energy fluence of 0.54 ± 0.04 mJ/cm2 and the open circles (○) represent data 
acquired at 0.74 ± 0.04 mJ/cm2.   
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spectral range of a Fabry-Perot resonator spaced 1.7 times the dimension of the square 
microresonator (425 × 425 µm) with a refractive index of n  = 1.35 (this value of 1.35 
matches the calculated effective refractive index of the dye laser chip with the structure 
shown in Figure A.1) within one standard deviation. 
The comparison of the combination structure of the square microlaser and the 
DFB laser, in which there is no pattern in the active layer of the dye laser chip (i.e., the 
distributed feedback layer formed in UVCP is covered with a uniform layer of dye doped 
SU-8 host), is illustrated in Figure A.6. From the figure, it is clear that the combined 
resonator structure of the square cavity and the distributed feedback structure not only 
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Figure A.6  Comparision of representative laser spectra observed for the square 
microlaser (black) and the DFB laser (red) in which there is no pattern in the active layer, 
both under a pump influence of 0.81 mJ/cm2.   
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blue-shifts the laser peak at least 20 nm from that of the DFB laser, but also complicates 
the spectral output from a single-mode emission to a multimode emission profile. 
The relative output power of the square microlaser as a function of the pump 
influence was also investigated and is presented in Figure A. 7, where the error bars  
represent the estimated uncertainty for each measurement. As can be seen from the figure, 
the square microlaser exhibits a clear threshold fluence of ~0.25 mJ/cm2, and a least-
squares fit of a polynomial to the E ≥ 0.36 mJ/cm2 data (illustrated by the solid curve of 
Figure A.7) confirms that the variation of the laser output power with increasing pump 
energy is nearly quadratic. 
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Figure A.7  Dependence of the relative laser output pulse energy on the λ  = 532 nm laser 
energy fluence for a 425 µm square microresonator.  Error bars represent the estimated 
uncertainty for each measurement, and the solid curve is a least-squares fit of a second- 
order polynomial to the data. 
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A.3.2 Ring resonators and uncoupled ring array resonators 
Similar experiments have been conducted for microresonators in the form of a 
single, continuous ring, which consistently displayed narrow emission spectra. The ring 
resonator has a diameter of 300 µm, and an annulus width of 25 µm. A comparison of 
representative laser spectra for several ring microresonator configurations along with a 
planar view of its geometry is presented in Figure A.8. As shown in Figure A.8 (d), at a 
pump fluence of 0.98 mJ/cm2, the ring resonator demonstrates a single-mode emission 
spectrum centered at 574.75 nm with a FWHM of 0.07 nm, and is free from auxiliary 
structures, such as the secondary emission peaks of the square resonator shown in Figure 
A.5. Among all three single-ring microresonator chips, only one demonstrated a weak 
secondary spatial mode with a mode spacing of 0.16 nm, which is consistent with the free 
spectral range of a ring resonator having a diameter of 580 nm and a refractive index of 
1.35—the effective refractive index of the dye laser chip.  
Emission spectra of microresonators in the form of a 5 × 5 uncoupled ring array 
composed of 300 µm diameter rings with a ring pitch of 10 µm that exceeds the ring 
diameter were also measured, and presented in Figure A.8 (c). It is clear from the figure 
that the uncoupled ring array microresonator exhibits a narrow emission spectrum similar 
to that of the single-ring microresonator. Since each ring in this configuration is separated 
from the adjacent rings by 10 µm (which is more than 10 times the peak emission 
wavelength of 573.95 nm), evanescent coupling between neighboring ring resonators is 
insignificant under the exponential decay. Therefore, the 5 × 5 uncoupled ring array just 
behaves as a collection of isolated ring resonators, with a single-mode emission having a 
FWHM of 0.08 nm.   
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Figure A.8  Comparison of representative laser spectra observed for (a) an array of 
coupled ring microresonators, (b) a defect ring, (c) an array of uncoupled ring 
microresonators (i.e., the rings do not overlap), and (d) a continuous single-ring 
microresonator. All of the spectra are identified by diagrams in plan view that are not to 
scale but qualitatively represent the structure of the associated microlaser. The mean 
wavelength interval between two local maxima is indicated for the coupled ring spectrum, 
and the pump energy fluence at which each spectrum was recorded is also given.  
 
A.3.3 Defect ring resonators 
Defect ring resonators formed by removing a / 2pi  section from single-ring 
resonators having a diameter and annulus width of 600 µm and 25 µm, respectively, have 
also been fabricated and tested. The spectral profile of the defect ring resonator under an 
optical pump from the Nd:Yag laser having a pump fluence of 0.84 mJ/cm2 is shown in 
Figure A.8 (b). It is clear from Figure A.8 that the introduction of the defect to the single-
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ring resonator not only blue-shifts the emission peak by about 0.36 nm, but also 
complicates the spectral profile from single-mode emission to multimode emission. 
Similar spectral behavior of blue-shift and multimode profile has been reported by 
Pauzauskie et al. [20] in the structure of a ring nanowire resonator and an open ring 
nanowire resonator.  In addition, the measurements of the relative output energy as a 
function of the pump laser fluence for the single-ring microlaser and the defect ring 
microlaser were plotted in Figure A.9. For the single continuous ring microlaser, a lasing 
threshold pump energy of ~0.28 mJ/cm2 was obtained, which is roughly 17.8% lower 
than that of the defect ring microlaser (~0.33 mJ/cm2). Above the lasing threshold, 
surprisingly, both the resonators exhibit slope efficiencies that are approximately equal.        
  
Figure A.9  Dependence of the relative laser output pulse energy on the λ  = 532 nm laser 
energy fluence for the ring resonator (black) and the defect ring resonator (red). 
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A.3.4 Coupled ring resonators 
 Similar experiments have been performed with the coupled ring array 
microresonator in the form of a 10 ×  10 coupled ring array consisting of rings having a 
diameter and width of 150 µm and 25 µm, respectively, with a ring pitch (center to center 
spacing) of 125 µm. The ring pitch of 125 µm ensures that each ring is in contact with its 
adjacent ring resonators and that the intersection of adjacent rings occurs at the middle of 
the overlapped region such that each ring overlaps the same area of the contiguous areas. 
The value of 150 µm is chosen for the diameter of the rings in this array such that both 
the 10 ×  10 coupled ring array and the 5 ×  5 uncoupled ring array cover approximately 
the same active area (the dye-doped polymer region). From Figure A.8, it is obvious that 
the coupled ring array has a peak emission wavelength of 571.5 nm, ~2.5 nm blue-shifted 
from the peak emission of the uncoupled ring array. In addition, the spectral profile of the 
coupled ring array exhibits clear secondary longitude modes equally spaced by λ∆  = 
0.16 nm, which corresponds to the free spectral range of a single-ring resonator having a 
diameter and refractive index of 328 nm (three times the intermediate diameter of the 
annulus rings inside this coupled ring resonator) and 1.35 (effective refractive index of 
the dye laser chip), respectively.  
 Energy measurement of the coupled (black) and uncoupled (red) ring array 
resonators was also performed and is presented in Figure A.10. From Figure A.10, it is 
clear that the coupled ring array has a lasing threshold pump fluence of ~1.17 mJ/cm2, 
while the uncoupled ring array has a lasing threshold of ~1.35 mJ/cm2. Above threshold, 
the slope efficiency of the coupled ring array is roughly 17% higher than that of the 
uncoupled ring array. Since both the coupled and uncoupled ring arrays are composed of 
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approximately the same active dye-doped area, the lower lasing threshold and the higher 
slope efficiency of the coupled ring array indicates that the structure of the coupled ring 
array is more efficient in optical-to-optical energy conversion.    
 
Figure A.10  Dependence of the relative laser output pulse energy on the λ  = 532 nm 
laser energy fluence for the coupled ring array resonator (black) and the uncoupled ring 
array resonator (red). 
 
A.4 Conclusions       
Lasing emission was achieved in an optically pumped microlaser employing a 
combined structure of a DFB grating fabricated in UVCP and a microresonator in the 
form of Rd590 dye-doped SU8 matrix. Different microresonators in the form of a square, 
a ring, a defect ring, a coupled ring array, and an uncoupled ring array were fabricated 
and tested under the optical pump from the second harmonic, 536 nm, of a Nd:YAG laser. 
The single continuous ring structure and uncoupled ring structure all exhibit a single- 
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mode emission with a narrow FWHM, which is similar to that of the DFB laser. However, 
the square microresonator, the defect ring microresonator, and the coupled ring array 
microresonator demonstrate a deviation of the output spectrum from the DFB laser, in 
which equally spaced multimodes operate simultaneously instead of in a single-mode 
emission. The DFB laser is commonly used as a biosensor, which detects the peak 
wavelength shift induced by changes in the effective refractive index of the resonant 
mode produced by the adsorbed analytes onto the active layer. The extension of the 
emission spectrum of the combined microresonator suggests that high-resolution 
biosensors can be realized with coupled active resonators, dramatically reducing the shift 
in peak wavelength that can be reliably detected, since one is now able to leverage 
variations in both wavelength and output optical mode. In addition, radical 
polymerization and spin-coating techniques were used for fabrication, which permits 
accurate and inexpensive realization of any designed mode feedback grating structure 
over large surface areas. In this manner, we except to investigate the lasing mode of any 
two-dimensional resonator combined with second-order DFB grating which vertically 
couples out the generated waveguide. 
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